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Soybean is the fourth most cultivated crop worldwide and provides one of the most 
important sources of oil and protein. Drought stress is one of the major constraints to soybean 
yield in the United States. Charcoal rot of soybean, caused by Macrophomina phaseolina, is a 
soil-borne fungal pathogen that infects over 500 plant species worldwide and also has been 
known to negatively impact soybean yields. Environmental conditions, such as severe drought, 
have been associated with increased charcoal rot severity. Both drought tolerance and charcoal 
rot resistance are complex traits, and their interaction is not well understood. 
In Chapter 2, a collection of 41 SoyNAM parents were evaluated for their response to 
drought tolerance. Greenhouse gravimetric tests were conducted on the 41 SoyNAM parents and 
on a selection of the 41 SoyNAM parents representing the most and least drought tolerant 
genotypes. Another experiment tested the 41 SoyNAM parents in a growth chamber based on 
sudden water depletion drought stress assessed by image-based ratings. Soybean genotypes for 
both the greenhouse and growth chamber tests were significant (P < 0.01), and there was a 
positive correlation (r = 0.37, P = 0.02) between the tests. Soybean genotypes U03-100612, 
LG94-1906 and Skylla, demonstrated drought tolerance in both tests, and PI 404188A was 
drought sensitive in both tests. 
In Chapter 3, charcoal rot resistance of SoyNAM parents were evaluated by a cut-stem 
inoculation method in controlled conditions in a growth chamber. Soybean genotypes were 
significant (P < 0.001) for the percentage of dead plants. The parents were then tested with cut-
stem inoculation incorporated with and without a drought treatment. The drought treatment 
increased (P < 0.05) disease severity of charcoal rot for all variables measured, which indicted 
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that drought enhances charcoal rot severity. Genotype had significant (P < 0.05) effect on disease 
severity in all but one variable. The evaluation at 15 days after inoculation of the two tests were 
positively correlated (r = 0.36, P = 0.02). Soybean genotypes Skylla had the low disease ratings 
among the SoyNAM parents in both tests.  
In Chapter 4, a genome-wide association mapping study was conducted by phenotyping a 
diverse soybean collection of 350 genotypes for their response to M. phaseolina inoculation.  
Data from the cut-stem inoculation method were associated with the SoySNP50K marker dataset 
to detect and map significant (P < 0.001) SNPs. Eight SNPs were associated with charcoal rot 
resistance located on chromosomes 3, 11, 13, 14, 18 and 20. The functions of the candidate 
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Chapter 1: Overall Introduction and Literature Review 
 
Soybean production 
Soybean is the fourth most cultivated crop worldwide and is one of the most important oil 
and protein resource in the human diet. The two sub-products, soy oil and soymeal, are 
consumed as food and animal feed and for industrial uses. Soy oil accounts for 20% of vegetable 
oil production globally, and soymeal occupies over 60% of animal meals (Thoenes, 2004). The 
United States, Brazil and Argentina are the countries with the most soybean production 
worldwide, with yield of 117 million, 96.3 million, and 58.8 million tons, respectively, in 2016 
(FAOSTAT, 2018). In the United State, the Midwest is the main soybean production region. 
Illinois, Iowa, Minnesota Nebraska and Indiana produced 16.6 million, 15.4 million, 10.5 
million, 88.7 million, and 87.4 million tons in 2017 (NASS, 2018). 
Over 95% of the soybeans production area in the United States is not irrigated (NASS, 
2018), drought stress is one of the major constraints to yield loss of soybeans in the United States 
(Heatherly and Elmore, 2004). The yield loss estimation of soybeans in the United States was 2.9 
tons per hectare in 2012, which was 3% less than 2011 and 20% below the forecasts at the 
beginning of the season before the summer drought of 2012 (USDA-ERS, 2013). In soybeans, 
the reduction in plant growth and yield caused by drought is due to reduced stomatal 
conductance, photosynthetic activity, and N2 fixation (Manavalan et al., 2009). As a result, 
developing drought-tolerant cultivars to help alleviate the effect of short-term summer droughts 






Screening of soybean drought tolerance  
Drought tolerance in plants is a complex trait involving morphological, physiological, 
and biochemical changes (Prince et al., 2016). Screening for drought tolerance in soybean has 
been conducted for over 40 years in the United States with a major emphasis on field evaluations 
(Mederski & Jeffers, 1973; Korte et al., 1983; Frederick et al., 1991). In recent years, delayed 
canopy wilting, or slow wilting under drought conditions was identified as a trait to quantify 
soybean drought tolerance in the field (Hwang et al., 2015), which had enabled the identification 
of drought-tolerant soybean genotypes in field experiments (Sloane et al., 1990; Fletcher et al., 
2007; King et al., 2009; Abdel-Haleem et al., 2012).  
There are several limitations of field drought tolerance screening. First, it is limited by 
region specific maturity groups and genotypes that cannot be tested in the same environment. 
Secondly, soybean cultivars in the United States have limited genetic diversity and a common 
selection history (Hyten et al., 2006). Thirdly, when comparing soybean cultivars with plant 
introductions (PIs) from other regions, many of the PIs would not perform as desired in the field, 
which diminished the purpose of evaluation and comparison. And fourth, the inconsistency of 
drought in the field has limited drought tolerance evaluation (Pathan et al., 2007). To solve these 
problems, controlled conditions have been applied to greenhouse and/or growth chamber-based 
experiments to control drought stress levels.  In maize, the important of controlled conditions to 
evaluate maize germplasm for drought tolerance was known since 1936 (Hunter et al., 1936). 






Charcoal rot resistance in soybean 
Charcoal rot of soybean is caused by Macrophomina phaseolina, a soil-borne fungal 
pathogen that infects over 500 plant species worldwide (Wrather et al., 1997; Su et al., 2001). 
The fungus also causes disease in other crops including maize (Zea may L.), sorghum (Sorghum 
Moench), cotton (Gossypium sp. L.) and strawberry (Fragaria x ananassa Duchesne) (Dhingra 
& Sinclair, 1978; Su et al., 2001). The fungus produces microsclerotia and mycelia in the plant 
xylem vessels causing reduced vigor, wilting, and under severe cases plant death. In India, 
charcoal rot was reported to cause up to 80% yield loss in soybean (Gupta et al., 2012). In the 
United States, M. phaseolina causes soybean yield losses of around 5% in Missouri annually 
(Wyllie, 1988), and is found in most soybean producing states in the United States(Koenning and 
Wrather, 2010). Estimation of yield loss from charcoal rot in 2012, 2013 and 2014 in United 
States were 2.00, 1.07 and 0.73 million metric tons, respectively (Bradley et al., 2015).  
Management of charcoal rot in soybean is difficult since no fungicides or biocontrol 
agents are registered and commercially available, although some chemical combination and 
organisms have shown effects on reducing microsclerotia accumulation (Khaledi & Taheri, 
2016; Reznikov et al., 2016). Some cultural practices were recommended to reduce disease 
severity, including weed control, soil fumigation and irrigation (Pearson et al., 1984; Bowen & 
Schapaugh, 1989; Kendig et al., 2000). However, none of these methods fully control the 
occurrence of soybean charcoal rot.   
 
Soybean charcoal rot and drought 
Environmental conditions, such as severe drought, have been associated with increased 
charcoal rot severity (Mittler, 2006). Drought and heat in the growing season weakens plant 
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defense and increases disease susceptibility (Sandermann, 2004). Similarly, charcoal rot of 
common bean (Phaseolus vulgaris) had increased severity under drought stress (Mayek-Pérez et 
al., 2002). One general disease management method recommended is to irrigate and this has 
been shown to reduce microsclerotia and charcoal rot symptoms in soybean (Dhingra and 
Sinclair, 1975; Kendig et al., 2000). The interaction between charcoal rot and drought in soybean 
is not well understood, but several possible explanations were proposed. Soybean genotypes 
moderately resistant to charcoal rot were reported to have higher levels of phenolics, lignin in 
seed coats, isoflavones, sugars, and total boron. Among these contents, increased phenol, lignin 
and total boron were observed under well-irrigated condition compared to non-irrigated 
condition, indicating water deficit would reduce nutrient contents that help soybean overcome 
charcoal rot infestation (N. Bellaloui et al., 2012). A study of gene expression profiling of 
Medicago truncatula plants treated with indole acetic acid (IAA) was found less susceptible to 
M. phaseolina (Mah et al., 2012). IAA is also a common plant defense hormone under drought 
stress (Peleg & Blumwald, 2011), suggesting a possible positive correlation between charcoal rot 
occurrence and drought tolerance. 
 
Soybean charcoal rot resistance screening 
Identify and characterize charcoal rot resistance has been challenging for soybean 
breeders because reliability and consistency across different locations and environments. 
Uniform inoculation in the field is hard to achieve, and the disease responses were affected by 
soil property, weather patterns and plant maturity (Mengistu et al., 2007; Radwan et al., 2014). 
Evaluation of charcoal rot response in the field is commonly done by quantifying the fungal 
colonization in the root and stem. A colony forming unit (CFU) assay was developed to assess 
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host tissue colonization (Smith & Carvil, 1997). Lower stem and taproot at R7 stage were 
collected, dried and grinded, and cultured on a selective media to estimate microsclerotia density. 
This assay later modified by Mengistu et al. (2007), used a colony-forming unit index (CFUI) to 
evaluate disease resistance in the field. The CFUI was calculated by dividing CFU of each 
genotype by the CFU of the genotype with the highest CFU in the study, to standardize disease 
assessment across different years or environments. Another less time-consuming screening 
method, called root and stem severity (RSS), was developed by Mengistu et al. (2007) to visually 
rate stem and taproot discoloration caused by microsclerotia colonization at growth stages R7 or 
R8. Similarly, percent height of internal stem discoloration (PHSD) was used to determine 
disease severity; both RSS and PHSD showed variation between years (Mengistu et al., 2007). 
Field evaluation of charcoal rot resistance has several limitations. First, consistent and 
uniformed inoculation may be difficult to achieve, and results are affected by environmental 
conditions. Second, an effective assessment requires soybean plants reach maturity (R7 or R8), 
which usually takes 4 months. Thirdly, it is impractical to compare genotypes with different 
maturity groups or plant introduction with poor agronomic properties in the field. To counter the 
field evaluation, a seedling assessment was developed to be used in greenhouse or growth 
chambers called the cut-stem assay (Twizeyimana et al., 2012). In this assay, the apex of V2 
soybean seedling is cut, and a pipette tip containing a plug of fungal culture is put directly on the 
cut. The necrosis from fungal colonization on the stem is recorded as quantification of disease 
development. This method has been used in many trials to screen soybean genotypes for charcoal 





Genetic basis of soybean drought and charcoal rot resistance 
Developing drought tolerant soybean has been a focus for research programs also trying 
to develop better levels of resistance to charcoal rot. On a molecular and genetic level, plant 
responses to drought in relation to physiological traits in soybean have been studied extensively. 
Quantitative trait loci (QTL) have been associated with drought tolerance in several studies. A 
cross of Kefeng1 (R) and Nannong1138-2 (S) identified 19 and 10 QTL associated with yield per 
plant under water-stress and drought susceptibility index, respectively, in F2:7:11 mapping 
populations (Du et al., 2009). A population derived from PI416937 (R) and Benning (S) mapped 
five QTL that explained 51% of fibrous root scores, which is a drought avoidance mechanism 
(Abdel-Haleem et al., 2011). In another study, nine QTLs were identified and found to be 
associated with a delayed wilting trait in five recombinant inbred lines (RILs). The consensus 
map identified eight QTL clusters and suggested the canopy wilting QTL were from at least two 
independent populations 93705 KS4895 x Jackson in addition to Kefeng1 x Nannong 1138-2 
found previously (Hwang et al., 2015).  
Host resistance is another potential method to help manage charcoal rot. Developing 
soybean cultivars with charcoal rot resistance is challenging due to the lack of good plant sources 
of charcoal rot resistance. Currently, soybean genotypes DT97-4290 and DT99-16964 are the 
only lines registered to have moderate resistance to charcoal rot (Paris et al., 2006; Gillen et al., 
2016). Multiple screening across hundreds of soybean genotypes have been conducted in the 
field and the greenhouse to search for sources of charcoal rot resistance; so far only 13 genotypes 
were reported to have higher levels of resistance than DT97-4290 (Mengistu et al., 2007, 2013; 
Pawlowski et al., 2015). In another study, a population derived from PI 567562A (resistant) and 
PI 567437 (susceptible) using 140 F2:3 progenies and 5403 SNP markers and phenotyped using 
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greenhouse cut-stem inoculation method found a major QTL on chromosome 15 and two minor 
QTLs on chromosome 16 explaining 29.4%, 25.4% and 8.4% of the phenotypic variations, 
respectively (da Silva et al., 2018). 
The genetics of charcoal rot resistance have been studied in other crop species. Two 
independent complementary alleles, Mp-1 and Mp-2, were found in common beans (P. vulgaris) 
controlled resistance to charcoal rot in drought resistant line BAT 477. RAPD markers were 
identified linked to these alleles (Olaya et al., 1996). A cowpea [Vigna unguiculata (L) Walp] 
population derived from resistant IT93K-503-1 and susceptible CB46 was used in QTL mapping 
and nine QTLs were identified with field and greenhouse experiment (Muchero et al., 2011). 
Similarly, a marker-assisted mapping on sorghum population derived from IS22380 (S) and E36-
1 (R) identified three common QTLs in two locations (Srinivasa Reddy et al., 2008).  
 
Next generation sequencing of soybean genomic study 
Recent revolution in genomic techniques has empowered efficient and cost-effective high 
throughput DNA sequencing. The sequence-based trait mapping enables a more direct way to 
investigate complex traits like drought tolerance and charcoal rot resistance. The whole soybean 
germplasm collection and wild soybean (Glycine soja Siebold & Zucc.) were sequenced with 
SoySNP50K markers (Song et al., 2013). With information of single nucleotide polymorphisms 
(SNPs) marker from SoySNP50K, a recent genome-wide association study (GWAS) was 
conducted using 459 soybean genotypes from maturity groups (MG) I, II and III (Coser et al., 
2017). The phenotypic data were lesions based on a greenhouse assay and microsclerotia 
accumulation rated in the field. Thirteen SNPs were found collectively in associated with 
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candidate genes relating to response to abiotic and biotic stress response and defense responses 
(Coser et al., 2017).  
Soybean populations were developed by crossing 40 genetically diverse soybean cultivars 
with IA3023 as the common hub parent to facilitate nested association mapping (NAM), which 
is a strategy to dissect complex traits that combines linkage analysis and association mapping, 
covers broad chromosome regions with high resolution, and provides a platform to exploit the 
traits and linkages from genetic, genomic and system biology (Yu et al., 2008). NAM was used 
in maize for its highly diverse collection of germplasm, which captured maximal genetic 
diversity from historic recombination events (Liu et al. 2003; Flint-Garcia et al. 2005). Complex 
traits, including flowering time, leaf architecture, quantitative resistance to southern leaf blight 
and northern leaf blight in maize were mapped using NAM population and QTLs and multiple 
candidate genes were identified (Buckler & Gore, 2007; Kump et al., 2011; Poland et al., 2011). 
The soybean nested association mapping (SoyNAM) population consists of 140 F5-derived RILs 
from the single-seed descent of 40 founders crossed with IA3023 to make a total of 5600 RILs. 
The diversity was ensured by testing 1536 SNP markers and the basic information about the 40 
NAM parents and IA3023 were reported (www.soybase.org). SoyNAM provides the foundation 
of mapping QTL related to agronomic, composition, physiological and resistance traits in both 
elite and exotic soybean, which will benefit the future breeding programs (Stupar and Specht, 
2013). Characterizing of agronomic traits (yield, maturity, plant height and lodge, seed weight 
and seed nutrient composition) are undergoing with all parent panel as well as the RILs.  
A diverse collection of soybeans was sequenced with high coverage (> 15X) through the 
project “Large Scale Sequencing of Germplasm to Develop Genomic Resources for Soybean 
Improvement” led by Nguyen Laboratory in University of Missouri 
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(https://soybase.org/projects/SoyBase.B2014.02.php). Results of this project provide for 
potentially over 10 million high-quality SNP markers found in this diverse panel, which provides 
the power to dissect complex traits like charcoal rot resistance and conduct genomics-assisted 
breeding programs (Valliyodan et al., 2016). There are studies of drought, seed composition, salt 
tolerance published applying this high density marker dataset (Kim et al., 2016; Patil et al., 2017; 
Valliyodan et al., 2017; Do et al., 2018). Soybean sudden death syndrome and soybean 
mycorrhizal activity utilizing genome information provided by this diverse collection are some 
of the current research projects (pers. comm., Hao-Xun Chang, Michelle Pawlowski, and Tri 
Vuong). 
 
Research goals  
Based on the current knowledge of soybean drought tolerance and charcoal rot resistance, 
the objectives of this thesis are: 
1) Establish a greenhouse screening protocol and a growth chamber image-assisted 
screening protocol to identify drought tolerant soybean genotypes of parents used in 
the nested association mapping panel. 
2) Evaluate the SoyNAM parent panel for charcoal rot resistance with and without 
imposing drought conditions. 
3) Conduct genome-wide association study (GWAS) of charcoal rot resistance in a 
diverse soybean plant introductions (PIs) using SoySNP50K to identify genetic 
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Chapter 2: Evaluation of Drought Tolerance in Soybean Parents Used in Nested Association 
Mapping Studies using Greenhouse Gravimetric and Growth Chamber Water 
Depletion Methods  
 
Introduction 
Soybean is the fourth most cultivated crop worldwide and is an important source of oil 
and protein (Thoenes, 2004). Drought stress is one of the major constraints to soybean yield in 
the United States (Heatherly & Elmore, 2004). Soybean yield in the United States was 2.9 tons 
per hectare in 2012, which was 3% less than 2011 and 20% below the forecasts before the 
summer drought of 2012 (USDA, 2013). In soybeans, the reduction in plant growth and yield 
caused by drought is due to reduced stomatal conductance, photosynthetic activity, and N2 
fixation (Manavalan et al., 2009). Since more than 95% of soybeans produced in the United 
States are not irrigated, developing drought-tolerant cultivars may help alleviate the effect of 
short-term summer droughts on production (Irwin et al., 2017). 
Drought tolerance in plants is a complex trait involving morphological, physiological, 
and biochemical changes (Prince et al., 2016). Assessing drought tolerance in soybean genotypes 
is an important consideration in reducing drought stress. Screening for drought tolerance in 
soybean has been conducted for over 40 years in the United States with a major emphasis on 
field evaluations. Delayed canopy wilting, or slow wilting under drought conditions was 
identified as a trait to quantify soybean drought tolerance in the field (Hwang et al., 2015), which 
had enabled the identification of many drought-tolerant soybean genotypes in field experiments 
(Sloane et al., 1990; Fletcher et al., 2007; King et al., 2009; Abdel-Haleem et al., 2012). 
However, field screening is limited by region specific maturity groups and genotypes with 
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drastic different requirement of accumulative photoperiod could not be tested in the same 
environment. In addition, soybean cultivars in the US have limited genetic diversity (Hyten et al., 
2006). When comparing soybean cultivars with plant introductions (PIs) from other regions, 
many of the PIs would not perform as desired in the field, which diminished the purpose of 
evaluation and comparison.  
Other than limitation of genetic variation, the inconsistency of drought in the field has 
made it difficult to consistently evaluate drought tolerance (Pathan et al., 2007). To solve this 
problem, researchers have applied controlled drought stress levels to experiments in under 
controlled conditions in greenhouses and growth chambers. One of the earliest experiments on 
soybean drought compared a growth chamber with differentiated soil moisture content to a 
“drought box” in the greenhouse to apply decreasing soil moisture (Sammons et al., 1978, 1979). 
Drought tolerance in both was determined but the cultivars used in the test did not respond in a 
consistent manner between the two methods, and the “drought box” procedure was more 
conservative in separating the cultivars while the growth chamber procedure provided better 
separation. These results suggested a reliable experimental design is crucial for preliminary 
screening in controlled condition.  
The principle technique to induce drought conditions through water deficit in controlled 
conditions are to obtain uniform plant growth and uniform drought stress level so that plant 
genotypes can be compared (Passioura, 2012). A gravimetric method, tested with soybean and 
cotton, showed that automatic watering could stabilize the relative soil water content and keep 
the moisture in the pot homogeneous when the growth medium was placed in relatively small 
pots with high sand content (Earl, 2003). Based on the method, a greenhouse experiment 
utilizing the automatic watering system was conducted to evaluate water use efficiency , 
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transpiration ratio and minimum epidermal conductance (Hufstetler et al., 2007). A more recent 
study compared the phenotypes of soybean drought tolerance carried out in the greenhouse and 
in the field (Pardo et al., 2015). In that study, water content was controlled by a gravimetric 
method of weighing and adding water daily or every other day, and the rankings of genotypes for 
drought tolerance from the greenhouse were comparable with yield data from the field.   
Nested association mapping (NAM) is a strategy to dissect complex traits that combines 
linkage analysis and association mapping, covers broad chromosome regions with high 
resolution, and provides a platform to exploit the traits and linkages from genetics, genomics and 
system biology (Yu et al., 2008). NAM has been applied to maize, barley, wheat, sorghum, and 
soybean for their highly diverse collection of germplasm, which captured maximal genetic 
diversity from historic recombination events (Jordan et al., 2011; Cook et al., 2012; Maurer et 
al., 2015; Bajgain et al., 2016). The soybean nested association mapping (SoyNAM) population 
was built with 40 genetically diverse soybean genotypes with high yield trait with IA3023 as the 
common hub parent (Song et al., 2017). SoyNAM provides the foundation of mapping QTLs 
related to agronomic, nutrient composition, physiological, biotic and abiotic resistance traits in 
both elite and exotic soybeans, which could benefit breeding programs (Anderson et al., 2014).   
The objective of my study was to use a greenhouse gravimetric protocol and a growth 
chamber image-assisted water depletion method to identify drought tolerant soybean genotypes 







Materials and Methods 
Evaluation of SoyNAM parents for drought tolerance in the greenhouse 
Seeds of 40 SoyNAM parents and the hub parent IA3023 were obtained from Dr. Brian 
Diers based on a seed increase from the field in 2014. Nine other genotypes were added to 
compare with the NAM parents, including breeding lines from Diers with high yields, LD07-
3419, LD11-12264, LD11-12328, LD12-12405, and LD12-12413; drought-tolerant genotype PI 
574482 (Jindou No.2) (Hossain et al., 2014); moderate charcoal rot resistant genotype PI 548414 
(Sioux) (Pawlowski et al., 2015); fast wilting genotype PI 617045 (NC-Roy) (Bellaloui et al., 
2013); and charcoal rot susceptible genotype PI 548645 (Pharaoh). Seeds of the nine additional 
genotypes were from previous seed increases in the field (pers. comm. Roger Bowen). 
Plastic round pots (16.5 cm in diameter) were filled with steamed torpedo sand and air-
dried in the greenhouse for 7 days. The greenhouse was maintained at 30 ℃ day and 28 ℃ at 
night, with a 16-hour photoperiod with supplemental 190 µmol m-2 s-1 illumination from 500-W 
high-pressure sodium vapor lamps. All pots were balanced to 3.5 kg before planting by weighing 
with a digital scale (Soehnle, Leiheit AG, Leifheitstraβe, Germany). The pots were then well 
irrigated to saturation, and five seeds were sowed in each pot and thinned to three after seven 
days (Figure 2-1A). Three replications of each genotype were arranged in a randomized 
complete block design (RCBD). All pots were watered daily until applying drought stress. The 
drought stress treatment was applied 20 days after planting when plants reached the V3-V4 
growth stage. Drought stress was applied by reducing the watering amount. At the start of the 
drought treatment, the overall weight of all the pots were 4 kg and it required two to four days 
until the water in the pots was consumed to the target weight of 3.65 kg. Once the individual pot 
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weight dropped below 3.65 kg, water was added to the target weight. The process was done daily 
every morning at 9 am (Figure 2-1B).  
Drought symptoms were recorded daily after the drought treatment started. Severity of 
leaf wilting was recorded using a scale from 1 to 5: 1 = less than 20% of the leaves wilted, 2 = 
21% to 40% of the leaves wilted, 3 = 41% to 60% of the leaves wilted, 4 = 61% to 80% of the 
leaves wilted, and 5 = more than 81% of the leaves wilted or the plant was dead. The experiment 
terminated at 35 days after sowing when 80% of the plants had wilt scores higher than four. 
Accumulative leaf wilting score was calculated as the area under the wilt progress curve 





(𝑡𝑖+1 − 𝑡𝑖) 
(Equation 2-1) 
AUWPC was used to compare the drought stress response and was fitted to this model 
 𝑦𝑖𝑗 = 𝜇 + 𝐵𝑙𝑜𝑐𝑘𝑖 + 𝐺𝑗 + 𝜀𝑖𝑗     (Equation 2-2) 
where 𝜇 is the overall mean, 𝐵𝑙𝑜𝑐𝑘𝑖 is the block, 𝐺𝑖 is the genetic effect, and 𝜀𝑖𝑗  is the random 
error. 
  
Evaluation of selected SoyNAM parents for drought tolerance in the greenhouse  
 Together with the hub parent IA 3023, a subset of SoyNAM lines was selected based on 
the initial evaluation, and included the three most drought-tolerant lines, LG94-1906, U03-
100612, and LG03-3191 and the three least drought-tolerant lines, 5M20-2-5-2, PI 404188A, and 
PI 398881. Additional checks included PI 567690, a drought tolerant genotype (Mutava et al., 
2015), and drought tolerant genotypes LD07-3419 and LD11-12328 from the previous test. 
Compared to the previous test, this test on selected genotypes included well watered controls 
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with a target weight of 4.15 kg during the drought stress treatment. This test was completed 
twice with three replications each using the gravimetric method and drought treatments with a 
target weight of 3.65 kg as previously described. The pots were arranged in a randomized 
complete block design (RCBD) with each pot as an experimental unit and each replication as a 
block. Wilting score was recorded as the previous test. The experiment was terminated at 35 
days after planting, shoot and root tissue of both drought-treated plants and controls were 
collected by pot. Fresh weight of all tissues was collected, and then the tissues were air-dried for 
a week at 60 ℃ to collect dry weight. Roots were washed, collected, and air-dried at 60 ℃ for 
dry weight analysis as well.  
 The three replications of control of each genotype were pooled as standard to calculate 
fresh and dry weight of shoot and root percentage of controls. AUWPC, percentage fresh and dry 
weight of controls were used to compare the seedling drought stress response among genotypes 
and were fitted to the model below 
 𝑦𝑖𝑗𝑘 = 𝜇 + 𝑅𝑢𝑛𝑗 + 𝐵𝑙𝑜𝑐𝑘𝑖 + 𝐺𝑘 + 𝑅𝑢𝑛 × 𝐺𝑗𝑘 + 𝜀𝑖𝑗𝑘 (Equation 2-3) 
where 𝜇 is the overall mean, 𝐵𝑙𝑜𝑐𝑘𝑖 is the block effect, 𝑅𝑢𝑛𝑗 is the effect of the run, 𝐺𝑘 is the 
genotype effect, 𝑅𝑢𝑛 × 𝐺𝑗𝑘  is the effect of run and genotype interaction, and 𝜀𝑖𝑗𝑘 is the random error.  
 
Image-assisted water depletion drought screening for SoyNAM parents in the 
growth chamber 
  SoyNAM parent panel, the hub parent IA3023, and additional genotypes including 
charcoal rot susceptible genotype PI 548645 (Pharaoh), moderate charcoal rot resistant genotype 
PI 548302, common cultivated MG III cultivar Williams 82 were included in the test. The 
drought tolerance levels of the three genotypes were unknown. Seeds of 40 SoyNAM parents 
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and the hub parent IA3023 and seeds of the additional genotypes were from previous field 
increase were obtained as previously described.  
Soybean seeds were germinated in clean acrylic boxes on wet paper towels at room 
temperature (25 ℃). Forty-eight hours later, the seedlings with visible radicles were transplanted 
into heavy-duty rubber flats with holes. The flats were 38 cm wide, 52 cm long and 9.5 cm deep 
and were filled with 7 L autoclaved torpedo sand. The seedlings were transplanted in a matrix of 
nine rows and five columns, the rows were separated by 5 cm and the columns were separated by 
7 cm. After transplanting the seedlings, the flats were placed in a growth chamber with 16 h light 
period. The temperature in the day was set to 30 ℃ during the day and 28 ℃ at night. All flats 
were irrigated optimally with tap water twice daily.  
The drought stress started seven days after transplanting about when the first trifoliate 
emerged for most of the seedlings. The treatment was started by soaking the flats in a tub filled 
with tap water for 30 min so that the water level was initially 2 – 3 cm above the sand level 
inside the flats. After 30 min, water inside the flats was 1 – 2 cm higher than the sand level. Then 
the flats were replaced inside the growth chamber with the same growing conditions as 
previously described. No additional water was applied after the soaking process. Plant growth 
and drought symptoms were recorded by a time-lapse camera (Hunting Camera H68, Shenzhen 
Apeman E-Business Co., Ltd., Pinghu, Longgang, Shenzhen, China) every 30 min during the day 
light hours until all seedlings were completely wilted and dried up. The images were transferred 
to a computer for analysis and to correct the fisheye distortion from the camera lens. The images 
were first batch processed with ImageMagick (version 7.0.8-11, 
https://www.imagemagick.org/script/index.php) to fix the distortion. The images were converted 
to HSV (hue, saturation, and value of brightness) color mode using a python (version 3.7.0) 
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library "skimage" (version 0.14.0). The hue component of the HSV images was used to 
distinguish leaves from the soil. The protocols of image restoration and conversion can be found 
in Appendix A.  
To evaluate wilting symptoms of individual plant and decrease the variation among flats, 
the overall wilting level of each flat was evaluated by the percentage of leaf area with respect to 
the flat area. Leaf area percentage in each flat during the image capturing period was calculated 
and plotted (Figure 2-2E & F). By examining the wilting symptom of individual plants in the 
images, a standard percentage leaf area of 25% was chosen to show the variation in wilting 
symptoms among genotypes and still when seedlings canopies did not overlap to neighboring 
plants. Because the blocks (flats) varied in the wilting process, a standard percentage leaf area of 
25% of each flat was used to standardize the images, which occurred at different time periods 
(Appendix A). The images selected for each flat were observed and wilt severity of individual 
seedling was rated using a scale from 0 to 5 where: 0 = 0 – 20% leaves wilt, 1 = 21 – 40% leaves 
wilt, 2 = 41 – 60% leaves wilt, 3 = 61 – 80% leaves wilt, 4 = 81 – 95% leaves wilt, and 5 = > 
95% leaves wilt and the plant completely dried up. 
The experiment was conducted twice with four replications arranged in a CBD. The 
seedling wilt score data were fitted to the model 
 𝑦𝑖𝑗 = 𝜇 + 𝑅𝑢𝑛𝑖 + 𝐺𝑗 + 𝜀𝑖𝑗𝑘 (Equation 2-4) 
Where 𝜇 is the overall mean, 𝑅𝑢𝑛𝑖 is the block effect of the run, 𝐺𝑗 is the genetic effect, 





 For the first greenhouse gravimetric test, the effect of genotype was determined by 
analysis of variance (ANOVA) with genotype as fixed effect. Means were separated by least 
significant difference (LSD) at α = 0.05.   
For the second greenhouse gravimetric test with selected genotypes, homogeneity of 
variance between the two runs was tested by interaction between genotype and run. The runs 
were combined when the interaction was not significant. The effect of genotype was determined 
by (ANOVA) with genotype as fixed effect and block as random effect. Means were separated 
by least significant difference (LSD) at α = 0.05. Correlation matrix of the variables was 
calculated using Pearson’s correlation analysis.  
For the growth chamber water depletion test, the data were tested for homogeneity of 
variance between the two runs by the Fligner-Killeen test. The runs were combined when the 
interaction of run and genotype was not significant. The significance genotype effect was 
determined by Kruskal-Wallis test. All data analysis was done by R, Both ANOVA and LSD test 
were conducted with package “agicolae”. Correlation matrix of the variables was calculated with 
R package “PerformanceAnalytics”. 
 
Results 
Evaluation of SoyNAM parents for drought tolerance in the greenhouse 
Among the 41 SoyNAM parents, LG90-2550 and LG03-2979 did not germinate across 
three replications and were not used in the study. Once watering was reduced, wilt symptoms 
were recorded the day after. Over 70% of all plants scored 3 or higher on the fourth day of 
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treatment. The final ratings were collected on day seven, when 90% of the plants scored 4 or 
more, and among those plants, 53% had more than 90% wilt and were completely dried up.  
The AUWPC was normally distributed and used in statistical analysis. The R2 of model 
fitness was 0.70, and the adjusted R2 was 0.55. Both replication and genotype were significant (P 
< 0.001). The AUWPC for the hub parent, IA 3023, was 16.9. The best performance for drought 
tolerant lines among SoyNAM parents were LG94-1906 (10.4), U03-100612 (13.2) and Skylla 
(13.3), although these were not different (α = 0.05) from IA 3023 (Table 2-1). Three lines 
(LG94-1906, LD11-122264, and PI 548414) had less (α = 0.05) AUWPC values than IA 3023. 
The least drought tolerant lines were 5M20-2-5-2 (22), PI 404188A (21.9) and PI 398881(21.8), 
which did not differ (α = 0.05) from IA 3023.  
 
Evaluation of selected SoyNAM parents for drought tolerance in the greenhouse 
Among the 10 genotypes, LG94-1906 had seed contamination and low germination 
during the test and was taken out of the dataset. The three variables based on the percentage of 
the control (fresh shoot weight, dry shoot weight, and dry root weight), and AUWPC were 
mostly normally distributed, with AUWPC showing the best fit of normality, and percentage of 
fresh shoot weight having the worst fit. For all variables, the effect of the interaction between run 
and genotype was not significant except for dry root weight. The effect of genotype and run was 
significant for all variables, except for genotype for percentage of dry shoot weight (
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Table 2-2). The rankings of the genotypes were not identical among all variables based on the 
LSD, but the supposedly drought tolerant check PI 567690 showed the least drought tolerance 
among them. The hub parent IA 3023 had an intermediate rank of AUWPC, percentage of dry 
shoot and dry root weight, and high rank of percentage of fresh shoot weight. 5M20-2-5-2 and 
U03-100612 were the most drought-tolerant lines among the selected SoyNAM parents and PI 
398881 were the least drought-tolerant (Table 2-3).  
The correlation matrix of all variables was significant. As expected, all weight data were 
positively correlated with each other and were negatively correlated with AUWPC (Figure 2-4).  
 
Image-assisted water depletion drought screening for SoyNAM parents in a growth 
chamber 
The leaf area kept expanding after the soaking process for two to three days to cover 70% 
to 80% of the flat until the residual moisture in the sand was depleted. A steep drop of leaf area 
occurred in the following 24 to 48 hours, and plateaued when all the plants died and dried up 
after 100 hours (Figure 2-2E & F). The runs were combined when the interaction of run and 
genotype was not significant, so the data of two runs were combined. The effect of genotype was 
significant (α = 0.05). The average wilt severity rating of all genotypes was 3.9 while the hub 
parent IA 3023 was 3.8. The rating of the most drought-resistant line U03-100612 was 2.9, and 
separated in different groups from ratings of the most drought sensitive lines PI 561370, PI 
518751 and Magellan that had ratings of 4.6, 4.5 and 4.5, respectively (Table 2-4). 
The results of correlation analysis comparing drought responses in the growth chamber 
and the greenhouse study showed the two rating methods were significantly positively correlated 
(r = 0.37, P = 0.02) (Figure 2-5). U03-100612, LG94-1906, and Skylla demonstrated high 
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drought tolerance in both tests, and PI 404188A was drought sensitive in both tests. In both tests, 




Soybean drought response has been a research focus for decades. Two methods used in 
this study, a gravimetric test used in the greenhouse and an image-assisted water depletion rating 
in a growth chamber, provided fast and easy screening methods of soybean genotypes, and 
provided ways to phenotype drought responses for genetic and genomic analysis. In this study, 
both greenhouse and growth chamber tests were conducted on soybean seedlings before the 
reproductive growth stage to evaluate early response to drought stress. The benefits of these 
approaches are 1) it enables screening a diverse collection of genotypes from many different 
maturity groups in a controlled environment; and 2) it also allows fast phenotyping of a large 
population by reducing the requirements for space and time.  Although the SoyNAM parent 
panel used in the study consisted of a limited range of maturity groups, from MG II to MG IV, it 
would be difficult to keep these plants at the same physiologic maturity for an adult drought test. 
For example, in the growth chamber test, the 45 genotypes with four replications lasted only 
three weeks and was conducted in a single growth chamber. The efficiency and robust design 
allow for potential large-scale phenotyping and screening of soybeans. 
The soybean NAM parents were the target for drought tolerance screening due to 
potential usage for high resolution in linkage analysis and association mapping, which are ideal 
for exploiting complex traits (Yu et al., 2008). In maize, NAM populations were used to map 
complex traits, including flowering time, leaf architecture, quantitative resistance to southern leaf 
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blight and northern leaf blight and QTLs and multiple candidate genes were identified 
(McMullen et al., 2009; Kump et al., 2011; Poland et al., 2011; Cook et al., 2012). In soybean, 
the SoyNAM parents and populations have been used to map agronomic traits (yield, seed 
weight, and seed nutrient composition) (Yan et al., 2017; Xavier et al., 2018). A drought related 
study evaluated SoyNAM parents in terms of phenotypic variations of root architectural traits 
(total root length, root volume, root surface area, number of crossings, etc.), root radial anatomy 
(root cross sectional area, average cortical cell number and percentage of xylem vessels in the 
stele), and shoot physiological mechanisms (stomatal conductance, leaf area and pod number), 
and all traits showed significant difference among the SoyNAM parents and demonstrated the 
diversity of the panel (Prince et al., 2017). This study found a positive correlation between 
seedling metaxylem number and yield, and high yield genotypes had higher photosynthetic rate 
reduction (%), showed reduction in root cross sectional area and increasing metaxylem elements, 
which indicated these genotypes had higher water-use efficiency under drought condition (Prince 
et al., 2017). None of the three SoyNAM parents with high yield under drought stress from 
Prince’s study were rated highly in both of my tests. Two of the three genotypes with low yield 
under drought stress, PI 398881 was considered drought susceptible in greenhouse gravimetric 
test and PI 561370 showed drought susceptible in growth chamber sudden water depletion test. 
5M20-2-5-2 was highlighted in Prince’s as a genotype with high values of root traits including 
total root length and number of crossings. 5M20-2-5-2 also showed drought tolerant responses in 
both my test. There could be a potential link between the traits and the response. 
In my study, genotypes U03-100612, LG94-1906, and Skylla demonstrated high drought 
tolerance in both tests, and PI 404188A was drought sensitive in both tests. These selected 
genotypes showed consistent performance under drought condition among a diverse panel as 
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well as the hub parent IA 3023. In the greenhouse gravimetric test with selected genotypes, 
drought tolerant genotypes showed higher percentage of shoot and root dry weights, and smaller 
accumulative wilting score. This suggests that plants with a higher tolerance to drought stress 
wilted slower and retained more biomass. In the image-assisted growth chamber screening, 
drought tolerant genotypes demonstrated less severe wilt symptoms under drought depletion. 
These genotypes are the recommended parents for field experiments to evaluate the agronomic 
properties and productivities of their RILs.    
Unfortunately, the hub parent IA 3023 had an intermediate response in both tests, and 
progenies with IA 3023 may cover only partial phenotypic variation and not provide strong QTL 
associated with drought tolerance. In addition, the SoyNAM parents may also have less variation 
in drought response than the comparison of genotypes outside of the panel, even the less 
drought-tolerant SoyNAM parents PI 414188A and PI 398881 had higher average drought 
tolerance than PI 567690, a reported drought-tolerant genotype (Mutava et al., 2015). This 
limitation of genetic variation may be caused by the makeup of the SoyNAM parent, where 32 
out of 40 genotypes were bred and cultivated in the US and the plant introductions were selected 
purposely for high yield trait under drought conditions (Hyten et al., 2006; Xavier et al., 2018). 
The SoyNAM parents may be skewed towards drought tolerance among the whole soybean 
germplasm collection. 
Soybean drought resistance is a complex trait involving morphological, physiological and 
biochemical components (Prince et al., 2016). Factors like root structure and mass, leaf stomata 
structure and density, water use efficiency, transpiration rate and nitrogen fixation are all related 
to drought response (Hoogenboom et al., 1987; Medrano, 2002; F. Liu et al., 2005; Chen et al., 
2007; Fletcher et al., 2007). In addition, drought tolerance is affected by external properties like 
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the soil property (pH, salinity, clay and sand ratio), nutrient supply (nitrogen, trace elements, 
microelements), and biotic soil interactions. Assessing drought tolerance is crucial for 
determining ideal source material for breeding programs. Expanding genetic diversity of 
selection increases the possibility to discover novel source of drought resistance, and it can be 
facilitated by efficient drought screening methods.  
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Tables and Figures 
Table 2-1. Area under wilt progress curve (AUWPC) based on one week of rating plants in the 
SoyNAM parent panel1. Means with different letters indicates significant difference between 
genotypes. 
Genotype AUWPC2  Genotype AUWPC 
5M20-2-5-2 22.0 a  LG05-4317 17.5 a-j 
PI 404188A 21.9 ab  LG05-4292 17.2 a-k 
PI 398881 21.8 ab  Prohio 17.2 a-k 
NE3001 21.7 a-c  IA 30233 16.9 a-l 
LD12-124054 21.6 a-c  LG04-6000 16.7 a-l 
HS6-3976 21.5 a-d  PI 617045 16.7 b-l 
4J105-3-4 20.8 a-e  LG92-1255 16.4 c-l 
LD01-5907 20.7 a-f  LG05-4464 16.2 d-l 
S06-13640 20.4 a-g  LG04-4717 16.2 e-l 
CL0J173-6-8 20.3 a-g  TN05-3027 16.1 e-l 
Magellan 19.9 a-h  LG03-2979 16.0 e-l 
CL0J095-4-6 19.9 a-h  LG98-1605  16.0 e-l 
LD00-3309 19.9 a-h  PI 561.370 15.7 e-m 
PI 574.486 19.3 a-h  LG00-3372 15.4 f-m 
LD12-12413 19.1 a-h  PI 507681B 15.3 g-m 
LG94-1128  18.8 a-h  PI 574482 14.9 h-m 
LG05-4832 18.7 a-h  LG03-3191 14.8 h-m 
PI 518.751 18.6 a-i  Skylla 13.3 i-n 
PI 427.136 18.4 a-j  U03-100612 13.2 j-n 
LG97-7012  17.9 a-j  LD07-3419 12.2 k-n 
PI 437.169B 17.9 a-j  LD11-12328 11.7 l-n 
LD02-4485 17.8 a-j  Pharaoh 11.7 l-n 
Maverick 17.7 a-j  LG94-1906  10.4 mn 
LD02-9050 17.5 a-j  LD11-12264 9.1 n 
   PI 548414 8.1 n 
                                                          
1 The experiment consisted of three replications 
2 Ranks were calculated by least significant difference test (LSD) with FDR p-value adjustment 
3 IA 3023 is the hub parent of SoyNAM panel 




Table 2-2. Analysis of variance probabilities (P), model fitness (R2 and adjusted R2) and 
coefficient of variance (CV) for percentage of shoot weight (wet and dry) and root dry weight, 
and accumulative wilt score (AUWPC) of the five selected SoyNAM parents, hub parent and 
three other lines evaluated for drought tolerance1.  
 
Variables P (Run*G) P (G) P (Run) P (Block) R2 Adjusted R2 CV 
Shoot weight 
(fresh, %) 
NS2 ** *** NS 0.77 0.64 39.23 
Root weight 
(dry, %) 
* ** *** NS 0.72 0.57 44.36 
Shoot weight 
(dry, %) 
NS NS *** NS 0.5 0.21 27.26 
AUWPC NS ** *** ** 0.68 0.51 20.43 
                                                          
1 The experiment consisted of two runs, each with three replications 
2 Significance symbols: NS = not significant; *, **, and *** indicate significant differences were found at 




Table 2-3. Percentage of shoot weight (wet and dry) and root dry weight comparing to control, 
and area under wilt progress curve (AUWPC) of drought stress tolerance of the selected 
genotypes from SoyNAM parent panel1. 
Genotypes Shoot weight (fresh, %)2 Root weight (dry, %) Shoot weight (dry, %) AUWPC 
5M20-2-5-2 25.8 ab 70 ab 47.4 a 27.1 b 
U03-100612 24.6 ab 79.9 a 40.7 a 27.6 b 
LD07-34193 22 abc 50.2 bc 40.1 a 29.6 ab 
PI 404188A 23 ab 60.1 abc 37.4 a 30.1 ab 
LG03-3191 20.3 abc 50.7 bc 36.2 a 30.4 ab 
IA 30234 27.4 a 61.7 abc 43.8 a 31 ab 
PI 398881 20.7 abc 44.1 bc 38.1 a 31.8 ab 
LD11-12308 18.3 bc 47.4 bc 35 a 35 ab 
PI 567690 14.2 c 43.1 c 29.8 a 37.3 a 
                                                          
1 The experiment consisted of two runs, each with three replications 
2 Ranks were determined by least significant difference (LSD) test rank with Bonferroni adjusted p-value 
3 Genotypes with green highlight are not SoyNAM parents 









                                                          
1 The test consisted of two runs, each with four replications 
2 Ranks were calculated by least significant difference (LSD) test 
3 IA 3023 is the hub parent of SoyNAM panel 




PI 561370 4.6 a 
 
4J105-3-4 3.9 a-e 
Magellan 4.5 a 
 
LG05-4832 3.9 a-e 
PI 518751 4.5 a 
 
LG98-1605 3.8 a-e 
PI 574486 4.4 ab 
 
IA30233 3.8 a-e 
LG00-3372 4.3 a-c 
 
PI 507681B 3.8 a-e 
PI 404188A 4.3 a-d 
 
LG92-1255 3.8 a-e 
PI 437169B 4.3 a-d 
 
HS6-3976 3.7 b-e 
LG04-6000 4.3 a-d 
 
LG05-4317 3.7 b-e 
Maverick 4.3 a-d 
 
LG94-1128 3.7 b-e 
LD00-3309 4.3 a-d 
 
CL0J173-6-8 3.6 b-e 
LD01-5907 4.3 a-d 
 
PI 5483024 3.6 b-e 
LG05-4464 4.2 a-d 
 
5M20-2-5-2 3.6 b-e 
NE3001 4.1 a-d 
 
LG97-7012 3.6 b-e 
Prohio 4.1 a-d 
 
Williams82 3.5 c-e 
CL0J095-4-6 4 a-d 
 
LG03-3191 3.4 c-e 
LD02-4485 4 a-e 
 
LG03-2979 3.4 de 
LG04-4717 4 a-e 
 
Skylla 3.4 de 
LG90-2550 4 a-e 
 
Pharaoh 3.4 de 
PI 398881 3.9 a-e 
 
LD02-9050 3.3 de 
LG05-4292 3.9 a-e 
 
S06-13640 3.2 de 
PI 427136 3.9 a-e 
 
LG94-1906 3.1 de 
TN05-3027 3.9 a-e 
 
U03-100612 2.9 e 
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Figure 2-1 Gravimetric drought stress test. A. 7 days after planting, three plants were kept in 
each pot. B. During the drought stress test, pots were weighted individually and balanced with 






        
 




Figure 2-2. Image-assisted drought screening. A-D are selected images from the first run, 
corresponding to 0 h, 50 h, 73 h and 100 h after the flats were saturated and drought treatment 
started. The four flats in the photos represent the four reps, from left to right. E and F are the 
scatter plots of leaf area percentages in each flat (Rep) for the two runs of growth chamber 












Figure 2-3. Histogram and qq-plot of accumulative wilting score (AUWPC) of the whole 




Figure 2-4. Correlation plots of the four variables collected from drought stress tolerance of the 
selected genotypes from SoyNAM parent panel. The histograms and scatter plots represent the 
data distributions of shoot weight (wet and dry) and root dry weight, and area under wilting 
progress curve (AUC). Color variation was used to represent different genotypes and the trend 
lines are included. Correlation coefficient of the variables and significant levels were presented 
in upper right cells (Significance symbols:  *, **, and *** indicate significant differences were 
found at P < 0.05, 0.01, and 0.001, respectively). 
.  
  







Figure 2-5. Correlation matrix of accumulative wilt rating in greenhouse gravimetric drought test 
and image-assisted water depletion rating in growth chamber. The histograms and scatter plots 
represented the data distributions. The correlation coefficient and its significant level (P < 0.05) 
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Chapter 3: Evaluation of Soybean Parents Used in Nested Association Mapping Studies for 
Charcoal Rot Resistance with and without Conditions of Drought  
 
Introduction 
Charcoal rot of soybean is caused by Macrophomina phaseolina, a soil-borne fungal 
pathogen that infects over 500 plant species worldwide (Wrather et al., 1997; Su et al., 2001). 
The fungus produces microsclerotia and mycelia in the plant xylem vessels, causing reduced 
vigor, wilting, and plant death under severe cases. In India, charcoal rot was reported to cause up 
to 80% yield loss in soybean (Gupta et al., 2012). In the USA, M. phaseolina was reported in 
most soybean producing states in the United States (Koenning & Wrather, 2010). Estimation of 
yield loss from charcoal rot in 2012, 2013 and 2014 in the United States were 2.0, 1.1 and 0.7 
million metric tons, respectively (Allen et al., 2017). Statistically, every 1000 colony-forming-
units of M. phaseolina microsclerotia per gram of root tissue at soybean R7 growth stage 
correlated to 11.5 kg ha-1 yield loss (Mengistu et al., 2018). Despite the detrimental effect M. 
phaseolina has on soybean yield, there are no registered fungicides or commercial cultivars with 
charcoal rot resistance. Seed treatment with chemical thiophanate methyl + pyraclostrobin and 
biological agents Trichoderma viride and Bacillus subtilis had decreased disease severity in the 
field experiments (Reznikov et al., 2016), but are not in commercial use for controlling charcoal 
rot.  
Environmental conditions, such as severe drought, have been associated with increased 
charcoal rot severity (Mittler, 2006). A general charcoal rot management method is to irrigate, 
which has been shown to reduce microsclerotia and charcoal rot symptoms in soybean (Kendig 
et al., 2000; Radwan et al., 2014). A three-year study of drought and charcoal rot interaction was 
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conducted, and a weak positive correlation was found between drought stress tolerance index and 
charcoal rot severity (Mengistu et al., 2018). Several possible mechanisms have been proposed to 
explain the interaction between charcoal rot and drought in soybean. Soybean genotypes 
moderately resistant to charcoal rot were reported to have higher levels of phenolics, lignin in 
seed coats, isoflavones, sugars, and total boron (N. Bellaloui et al., 2012). Among these contents, 
increased phenol, lignin and total boron were observed under well-irrigated conditions compared 
to non-irrigated conditions, indicating drought would reduce nutrient contents that prevent 
soybean to overcome charcoal rot infection (N. Bellaloui et al., 2012). Another study used 
Medicago truncatula treated with indole acetic acid (IAA) and found it to be less susceptible to 
M. phaseolina than non-treated IAA plants (Mah et al., 2012). IAA is also a common plant 
defense hormone produced under drought stress (Peleg & Blumwald, 2011), suggesting a 
possible common pathway in plant defenses of charcoal rot and drought.  
Developing charcoal rot resistant cultivars is challenging due to the lack of highly 
resistant genotypes. DT97-4290 and DT99-16964, although not commercial cultivars, were 
released as having moderately charcoal rot resistance (Paris et al., 2006; Gillen et al., 2016). 
Using DT97-4290 as moderate resistant check, there have been a number of reports showing 
results of evaluations of hundreds of soybean genotypes from both field and greenhouse tests for 
charcoal rot resistance with 13 genotypes reported with higher levels of resistance than DT97-
4290 (Mengistu et al., 2007, 2013; Pawlowski et al., 2015). Recently, a genome-wide association 
study (GWAS) was conducted with 459 early mature genotypes from maturity groups (MG) I, II 
and III resulting in 22 plant introductions recommended as charcoal rot resistance in both 
greenhouse and field evaluations (Coser et al., 2017). So far, genetic and genomic studies have 
identified three quantitative trait loci (QTL) and 13 single-nucleotide polymorphism (SNP) 
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markers related to charcoal rot resistance in soybean (Coser et al., 2017; da Silva et al., 2018), 
but the sites identified are not in the same chromosome. 
Nested association mapping (NAM) is a strategy to dissect complex traits that combines 
linkage analysis and association mapping, covers broad chromosome regions with high 
resolution, and provides a platform to exploit the traits and linkages from genetics, genomics and 
system biology (Yu et al., 2008). NAM population has been used in host resistance studies of 
maize southern and northern leaf blight (Kump et al., 2011; Poland et al., 2011; Ding et al., 
2015), maize grey leaf spot (Benson et al., 2015), leaf rust in barley (Schnaithmann et al., 2014) 
and wheat stem rot (Bajgain et al., 2016). The soybean nested association mapping (SoyNAM) 
population was built with 40 genetically diverse soybean genotypes with IA3023 as the common 
hub parent (Song et al., 2017). The population was constructed with 140 F5-derived 
recombination inbred lines (RILs) from the single-seed descent of 40 founders crossed with IA 
3023, making a total of 5600 RILs. Genetic linkage maps based on the RILs were constructed 
and over 0.5 million high confidence SNPs were identified and annotated (Song et al., 2017). 
The diversity of SoyNAM parents provides the foundation of mapping QTLs related to 
agronomic, nutrient composition, physiological and resistance traits (Stupar and Specht, 2013). 
The population has the potential to dissect the association between charcoal rot resistance and 
drought tolerance, which could lead to effective disease control and directions for breeding 
programs.   
My objective was to screen the SoyNAM parent panel for charcoal rot resistance with 





Materials and Methods 
Evaluation of SoyNAM parents for charcoal rot resistance in flats 
Forty SoyNAM parents and the hub parent IA3023 were evaluated using a cut-stem assay 
(Twizeyimana et al., 2012). PI 548414 and PI 548302 were included as the moderate resistant 
controls and PI 518671 (Williams 82) was included as the susceptible control (Pawlowski et al., 
2015; preliminary experiments). Seeds of 40 SoyNAM parents and the hub parent IA3023 were 
obtained from Dr. Brian Diers’s field increase in 2014. Seeds of the controls were from previous 
seed increases in the field (pers. comm. Roger Bowen). All additional accessions were obtained 
from previous greenhouse and field seed increases. M. phaseolina isolate “Pinetree” was 
obtained from Dr. John Rupe of University of Arkansas, Fayetteville. 
Soybean seeds were germinated in plastic flats (T1020, 28 cm wide, 54 cm long and 6 cm 
deep, Hummert Int., St. Louis, Missouri) with drain holes that contained 5 L of peat and perlite 
mix (Sunshine® Mix #1 Fafard® - 1P, Sun Gro Horticulture Distribution Inc., Agawam, MA). 
The flats were placed in growth chamber at 30 ℃ and 14 h light period with a light intensity of 
1100 µmoles/m2/s. Each flat was divided into 16 plots (4 x 4) and five seeds of the same line 
were planted in each plot. All seedlings were watered daily until the end of the experiment. The 
experiment was completed three times. Because a complete set of 44 entries required 2 ¾ flats, 
four additional entries were chosen randomly to fill the remaining space in each replication. 
Every run contained three replications of independently random arrangement and unrepeating 
filler entries in nine flats.  
The M. phaseolina culture was propagated on potato dextrose agar (PDA) petri dish at 
room temperature (25 ℃). The culture was grown in the dark for 3 days. The outer edge of 
actively growing hyphae was used for the cut-stem inoculation (Twizeyimana et al., 2012). 
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Plants were inoculated 10 days after planting (V1 growth stage) by cutting off the stem apex to 
25 mm above the unifoliate node. An infested agar plug was picked up from the colonized fungal 
dish using the larger opening of 200-µl pipette tip and placed directly over the cut stem. The 
pipette tips were pushed down along the stem to ensure contact of the cut stem and the fungus 
(Figure 3-1).  
3 days after inoculation (DAI), the pipette tips were removed. Stem lesions and the 
number of dead plants were measured every other day from 5 to 15 DAI. The seedlings were 
identified as dead when the lesion passed the cotyledon node and no new shoot emerged. Plant 
death per plot (PtD) was converted to a percentage: (number of dead plants/numbers of total 
plants) * 100. Area under plant death curve (AUPDC) by time (t) during the experimental period 





(𝑡𝑖+1 − 𝑡𝑖) 
(Equation 3-1) 
Data of percentage of plant death on 7 and 15 days and AUPDC on day 15 were fitted in 
the model 
 𝑦𝑖𝑗𝑘 = 𝜇 + 𝑅𝑢𝑛𝑖 + 𝐵𝑙𝑜𝑐𝑘(𝑅𝑢𝑛)(𝑖)𝑗 + 𝐺𝑘 + 𝑅𝑢𝑛: 𝐺𝑖𝑘 + 𝜀𝑖𝑗𝑘 (Equation 3-2) 
where 𝑦𝑖𝑗𝑘 is the overall mean, 𝑅𝑢𝑛𝑖 is the environmental effect of 
repeat,  𝐵𝑙𝑜𝑐𝑘(𝑅𝑢𝑛)(𝑖)𝑗  is the block effect nested in Run, 𝐺𝑖 is the genetic effect, 𝑅𝑢𝑛: 𝐺𝑖𝑘 is the 
interaction of genetic effect and environmental effect, and 𝜀𝑖𝑗𝑘 is the random error. 
The significance of the calculated variables was determined by analysis of variance 
(ANOVA) and if significant, means were separated by least significant difference (LSD) 
multiple comparison using the R package “agricolae.” The variability of the results was 
expressed by the coefficient of variation (CV). Broad sense heritability of each experimental unit 


















2 is the variance component of genotype, 𝑉𝐺𝐸
2  is the variance component of the 
interaction of genotype and environment (Run), 𝑉𝑒
2 is the variance component of the errors, r is 
the number of repeats, and b is the number of blocks. 
 
Evaluation of SoyNAM parents simultaneously for drought tolerance and charcoal 
rot resistance 
In this test, 40 SoyNAM parent lines, the hub parent line IA 3023, resistant check PI 
548302 and susceptible check PI 518671 (Williams 82) were included. The planting and 
inoculation procedure were the same as previously described for the test using cone-tainers. 
Drought treatment was applied daily by only wetting the top of the soil while the control was 
watered to saturation every day, starting the day of inoculation. The experiment was continued 
for 21 DAI. The experiment was arranged in a split-plot with RCBD design with the drought 
treatment as main plot, and the genotype as subplot. The experiment was conducted twice, and 
each run had two replications. 
Disease evaluation started three DAI when the pipette tips were taken off and the soybean 
stem length (SL) from soil level to the cut. Data of lesion length (LL) from the inoculation point 
were collected every other day from the 3 DAI when the pipette tips were taken off. Using 
cotyledon node as a cut-off point, the lesion length was transformed to lesion index (LI), where: 


















Values of area under disease progress curve of both lesion length (AULLC) and lesion 












(𝑡𝑖+1 − 𝑡𝑖) 
(Equation 3-7) 
 
LL, LI, AULLC and AULIC were measured and calculated every other day from the 3 to 
21 DAI. All phenotypic traits were fitted in the model 
 𝑌𝑖𝑗 = 𝜇 + 𝐵𝑖 + 𝑇𝑗 + 𝐵𝑇𝑖𝑗 + 𝐺𝑘 + 𝐵𝐺𝑖𝑘 + 𝑇𝐺𝑗𝑘 + 𝐵𝑇𝐺𝑖𝑗𝑘 + 𝑖𝑗𝑘𝑙  (Equation 3-8) 
Where 𝜇 is the overall mean, 𝐵𝑖 is the run effect as block, 𝑇𝑗  is the treatment effect, 𝐺𝑘 is the 
genetic effect, and 𝑖𝑗𝑘𝑙 is the random error.  
 The soil moisture content was determined by randomly selecting cone-tainers of each 
treatment at the end of the experiment. Eight cones of drought stressed plants were picked, four 
before irrigation and four after irrigation. The same procedure was done on the saturated cones. 
The plants were taken out and the soil was weighted for each cone after it was dried in an oven 





 For the cut-stem inoculation test in flats, homogeneity of variance between the runs was 
tested by Levene’s test. The effect of genotype was determined by (ANOVA) with genotype as 
fixed effect and block as random effect. Means were separated by least significant difference 
(LSD) at α = 0.05. 
 For the cut-stem inoculation test with drought treatment, each individual plot was treated 
as an experimental unit and the data of two seedlings were averaged. The homogeneity of 
variance between the runs was tested by Levene’s test. The effect of genotype was determined by 
(ANOVA) with genotype and treatment as fixed effects and block as random effect. Means were 
separated by least significant difference (LSD) at α = 0.05. All data analysis was done by R, both 
ANOVA and LSD test were conducted with package “agicolae.” 
 
Results 
Evaluation of SoyNAM parents for charcoal rot resistance in flats 
The responses of entries ranged from 20 to 100% dead plants (Figure 3-2). On the 15th 
day after inoculation, two resistant check, PI 548302 and PI 548414, had the fewest dead plants 
(22% and 33%, respectively). Twenty parent genotypes had more than 80% dead plants while the 
hub parent, IA 3023, had 84% of the plants rated as dead (Table 3-2). The percentage of dead 
plants on 7 and 15 DAI, and the AUPDC showed significant effects due to experimental runs and 
genotype interactions (Table 3-1), so the data of all runs were analyzed separately. Genotype had 
significant effect on the three variables across all runs. Within the same run, percentage of dead 




LSD of the three variables among the genotypes showed some significant differences 
from the two disease resistant checks, PI 548302 and PI 548414, and the disease susceptible 
check PI 518671 (Table 3-2). IA 3023 was grouped with PI 518671 for all three variables. Both 
resistant checks, PI 548302 and PI548414, had the lowest disease scores and were separated 
from most of the NAM parents except for PI 507681B, Skylla and CL0J095-4-6 (Table 3-2).   
 
Evaluation of SoyNAM parents simultaneously for drought tolerance and charcoal 
rot resistance 
The soil moisture content by weight was 0.55 and 0.6 (weight / weight) before and after 
watering, respectively, while those of saturated cone-tainers were 0.81 and 0.84. The treatments 
had significantly different moisture contents (P < 0.01). Effect of drought stress was visible 
within 2 weeks after inoculation. Soybean seedlings with limited irrigation had higher death rate 
and slower growth than the seedlings supplied with sufficient water (Figure 3-3). The cut-stem 
inoculation induced lesion legths with a wide variation, however, seedlings under drought 
generally had longer lesions (Figure 3-4).  
Of the 12 variables used in the analysis (LL, LI, AULLC and AULIC 7, 15 and 21 DAI), 
all were highly correlated (results not shown). Across all variables, drought treatment had a 
significant effect. The effect of genotype had increased significance along with time progression. 
For LL, genotype showed no significant effect on 7 DAI (P > 0.05), but was significant (0.01 < 
P < 0.05) on 15 DAI and more (P < 0.01) on 21 DAI (Table 3-3). The same trend could be found 
in other variables as well. The mean difference test indicated plants under minimum irrigation 
had more severe lesion compared to controls with saturated watering (Table 3-4). The correlation 
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between AUPDC from the previous cut-stem test conducted in flats had significant correlation 
with the AULLC and AULIC on 15 DAI (Figure 3-5, r = 0.3 and 0.36, respectively, P < 0.05). 
 
Discussion 
Developing charcoal rot resistance in soybean has been challenging due to the lack of 
robust disease resistance sources and its sensitivity to environmental factors. In this study, I 
provided a consistent environment and a compact setup for screening SoyNAM parents that have 
the potential to dissecting complex traits (Li et al., 2011). The cut-stem inoculation method 
(Twizeyimana et al., 2012) was applied to SoyNAM parents in flats and cone-tainers. In the test 
using flats, SoyNAM parents had significant difference in percentage of death 7 and 15 DAI, and 
area under the death progress curve. Among the SoyNAM parents, PI 507681B, Skylla and 
CL0J095-4-6 had the same resistant level as the controls, PI 548302 and PI 548414 (Pawlowski 
et al., 2015).  
I proposed a new parameter of lesion index for the cut-stem inoculation method. Lesion 
index reflects not only the severity of lesion but distinguished the lesion in respect to the 
cotyledon node. Since the cut-stem was conducted in a V1 growth stage, once the lesion 
extended beyond the cotyledon node, the only growing point where a new shoot and leaf may 
emerge would be destroyed by pathogen colonization. As a result, when the lesion index is less 
than 1, the soybean seedling still has the potential to reemerge and grow, otherwise, a lesion 
index larger than 1 indicates the lesion would gradually occupy the whole stem and lead to plant 
death. Lesion index can also help homogenize stem length variation among different soybean 
genotypes. Previously, this problem was solved by increasing the length between the cutoff point 
and the adjacent node (Coser et al., 2017). However, it would not be effective when the seedling 
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is young (V1 stage) or the genotype has shorter internodes. Using lesion index and 
corresponding area under the lesion index curve can help describe the disease progression 
quantitatively and illustrate charcoal rot resistance accurately, and reduce the variation not 
related to the trait. 
The cut-stem inoculation method was used in many studies to evaluate disease resistance, 
compare pathogen viability, and associating phenotypes with genomic markers (Twizeyimana et 
al., 2012; Pawlowski et al., 2015; Sexton et al., 2016; Coser et al., 2017). By using this method, 
this is the first test to incorporate drought treatment with the inoculation. Based on my results, 
soil water content (by weight) influences the response of lesion development during the cut-stem 
inoculation, and drought increases the lesion symptoms by 30-50%. These results provided 
evidence that drought enhances charcoal rot severity. More experiments are needed to fully 
understand the effect of drought on charcoal rot severity. Future tests with increments of soil 
moisture stress to the plants may help unravel the association between drought stress and 
charcoal rot severity. 
 A field study of drought and charcoal rot interaction found five out of nine drought 
tolerant genotypes showed moderate charcoal rot resistance, but only a weak correlation was 
found between charcoal rot accumulation at R7 stage and stress tolerance index (Mengistu et al., 
2018). For the SoyNAM parents, drought tolerance and charcoal rot resistance did not have 
significant correlation based on the results from Chapter 1 and Chapter 2, respectively. However, 
based on the greenhouse gravimetric test of drought screening and cut-stem inoculation for 
charcoal rot screening, there were a few genotypes, like Skylla and PI 414188A, that had high 
charcoal rot resistance and moderate drought tolerance among the SoyNAM parents, and the 
genotype 5M20-2-5-2 had high drought tolerance and moderate charcoal rot resistance. Although 
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the mechanism of the interaction is still unclear, these results are valuable for further studies on 
the resistance of soybean charcoal rot. 
In this study, the disease assessment was done in flats or cone-tainers, the consistent 
results across replications demonstrated the benefit of controlled environment. The cut-stem 
inoculation method ensured contact between pathogen and the host through the wound, leading 
to a fast response of stem lesion for assessment. It provided a uniformed inoculation comparing 
to root inoculation with microsclerotia where escapes were reported to be common and the 
symptoms could not be observed until R7 (Mengistu et al., 2013, 2014). For disease resistance 
phenotyping across a large population, the cut-stem inoculation method overcomes the restriction 
of maturity group and undesirable agronomic traits in the field, like lodging or shattering pods. It 
provides a reliable evaluation for a diverse soybean collection.  
My cut-stem test using cone-tainers to evaluate the SoyNAM parents was conducted 
three times, each with two replications. Based on the analysis of variance, among the eight 
variables used in the test (LL, LI, AULLC and AULIC at 7 DAI and 15 DAI), there was a 
significant genotype effect for LL at 15 DAI, but no other variables showed significant effect 
from the genotype. Experimental run had significant effect on all variables. The fitness of the 
model was poor and the adjusted R2 of all variables was lower than 0.2. The second run was 
significantly from the first and third run (results not shown). When the first and third run were 
combined for analysis of variance, effects of run and genotype were not significant, nor did they 
have significant interactions (results not shown). The separation demonstrated by the cut-stem 
inoculation test in the flats was not observed when the cut-stem inoculation was conducted in 
cone-tainers. The results of cut-stem inoculation in con-tainers showed SoyNAM parents may 
still have limited variation in charcoal rot response. In addition, the hub parent IA 3023 had an 
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intermediate charcoal rot response (results not shown). These results raised challenges for 
utilizing SoyNAM population for a charcoal rot resistance genome-wide study.   
Because all tests relating drought and charcoal rot evaluation of the SoyNAM parents 
were conducted at seedling level, I also did some field research on a few of the selected 
SoyNAM parents in the summer of 2016 and 2017 (Appendix B). These were selected to 
evaluate them for charcoal rot resistance under drought conditions in a high tunnel hoop house 
set out in the field.  This was done in the summer of 2016 and 2017. After harvest, soybean roots 
were collected and split to observe microsclerotia accumulation. This is a typical field 
assessment done to evaluate charcoal rot resistance (Mengistu et al., 2007). I had planted the test 
genotypes in both drought (induced by hoop house) and open environment. Under the hoop 
house, charcoal rot incidence and severity were higher. In addition, there was a significant 
genotype effect but not completely consistent with results from seedling cut-stem inoculation. 
Some plant introductions like PI 507681B and the resistant control PI 548302 showed higher 
disease severity than elite cultivars and breeding lines like Skylla and LD02-9050 (Appendix B). 




Tables and Figures 
Table 3-1. Analysis of variance probabilities (P), model fitness (R2 and adjusted R2), coefficient 
of variance (CV) and broad sense heritability (H2) for multiple variables measured on soybean 
plants inoculated with Macrophomina phaseolina in the cut-stem charcoal rot assay1. The 
variables used in the analysis were percentage of death 7 and 15 days after inoculation (DAI) and 
area under plant death progress curve 15 DAI.  
Run Variables P(G) R2 Adjusted R2 CV 
1 Death 7 DAI (%) ***2 0.6 0.43 60.68 
Death 15 DAI (%) *** 0.61 0.44 54.94 
AUPDC 15 DAI *** 0.61 0.44 36.04 
2 Death 7 DAI (%) *** 0.57 0.39 39.04 
Death 15 DAI (%) *** 0.62 0.46 33.94 
AUPDC 15 DAI *** 0.6 0.42 36.04 
3 Death 7 DAI (%) ** 0.46 0.22 35.22 
Death 15 DAI (%) *** 0.48 0.26 32.74 
AUPDC 15 DAI ** 0.48 0.25 33.9 
                                                          
1 The test consisted of three runs, each with three replications. Genotypes included all SoyNAM parents, hub parent 
IA 3023, susceptible control PI 518751 (Williams 82), resistant controls PI 548302 and PI 548414 
2 Significance symbols: *, **, and *** indicate significant differences were found at P < 0.05, 0.01, and 




Table 3-2. Percentage of plant death of soybean plants inoculated with charcoal rot 7 and 15 days 
after inoculation (DAI) and area under plant death curve (AUPDC)1. 
 
Genotype Death 7 DAI (%)2 Death 15 DAI (%) AUPDC 15 DAI 
PI 398881 100 a 100 a 4.78 ab 
LG05-4317 93 ab 93 ab 4.87 a 
LG97-7012 92 ab 92 a-c 4.36 a-g 
4J105-3-4 91 ab 91 a-d 4.26 a-i 
LG92-1255 91 ab 95 ab 4.67 a-c 
PI 427136 88 a-c 86 a-e 3.78 c-m 
PI 437169B 88 a-d 88 a-e 4.33 a-i 
LG04-6000 87 a-d 96 ab 4.11 a-k 
PI 574486 87 a-d 96 ab 4.39 a-g 
LG94-1906 85 a-d 85 a-e 4.55 a-e 
IA 30233 84 a-d 84 a-e 4.45 a-f 
LG04-4717 84 a-d 89 a-d 4.62 a-d 
LD00-3309 83 a-d 87 a-e 4.39 a-g 
PI 5187514 82 a-e 88 a-d 3.63 e-m 
5M20-2-5-2 82 a-e 84 a-e 3.86 b-l 
LG94-1128 82 a-e 82 a-e 4.07 a-k 
PI 518671  82 a-e 94 ab 4.09 a-k 
LG05-4464 81 a-e 86 a-e 3.82 b-l 
PI 404188A 8 a-e 82 a-e 4.36 a-h 
LG05-4832 79 a-e 85 a-e 4.24 a-j 
TN05-3027 78 a-e 83 a-e 3.95 a-l 
HS6-3976 78 a-e 86 a-e 4.27 a-i 
LG90-2550 77 a-e 77 a-g 3.29 j-o 
Prohio 76 a-e 82 a-e 3.86 b-l 
LG03-3191 76 a-f 75 a-g 4.35 a-h 
U03-100612 75 a-f 77 a-g 4.42 a-f 
Magellan 69 a-f 69 a-h 3.68 d-m 
Maverick 69 a-f 79 a-f 4.12 a-k 
NE3001 69 a-f 72 a-g 4.4 a-g 
LG98-1605 67 a-f 71 a-g 3.28 k-o 
CL0J173-6-8 64 a-g 66 a-h 4.11 a-k 
LG00-3372 63 a-g 69 a-h 4.3 a-i 
                                                          
1 The test consisted of three runs of cut-stem inoculation test, each with three replications 
2 Ranks were determined by least significant difference (LSD) test rank with Bonferroni adjusted p-value 
3 Yellow highlight indicates the hub parent IA 3023 





Table 3-2 (cont.) 
Genotype Death 7 DAI (%) Death 15 DAI (%) AUPDC 15 DAI 
LD01-5907 57 b-h 61 b-h 3.42 h-n 
LD02-4485 57 b-h 65 a-h 3.45 g-n 
S06-13640 56 b-h 65 a-h 3.58 f-m 
LG03-2979 56 b-h 66 a-h 4.02 a-l 
LD02-9050 53 b-h 59 b-h 3.21 k-o 
LG05-4292 52 b-h 52 d-i 3.29 j-o 
Skylla 48 c-h 50 e-i 2.82 m-o 
PI 561370 47 d-h 54 c-i 3.38 i-n 
CL0J095-4-6 42 e-h 42 f-i 3.09 l-o 
PI 507681B 35 f-h 41 g-i 2.4 op 
PI 548414 26 gh 33 hi 2.67 no 





Table 3-3. Analysis of variance of cut-stem inoculation with drought treatment1. The variables 
used in the analysis were lesion length (LL), lesion index (LI), area under the lesion length curve 
(AULLC) and area under the lesion index curve (AULIC) up to 7, 15 and 21 days after 
inoculation (DAI). 
 
Variables P(Run) P(Trt) P(Run*Trt) P(G) P(Trt*G) 
LL 7 DAI NS2 * NS . NS 
LL 15 DAI NS ** NS * NS 
LL 21 DAI NS ** NS ** NS 
LI 7 DAI NS * NS * . 
LI 15 DAI NS ** NS ** NS 
LI 21 DAI NS ** NS ** NS 
AULLC 7 DAI NS * NS * . 
AULLC 15 DAI NS ** NS ** NS 
AULLC 21 DAI NS ** NS ** NS 
AULIC 7 DAI NS * NS * . 
AULIC 15 DAI NS ** NS ** NS 
AULIC 21 DAI NS * NS ** NS 
                                                          
1 The test consisted of two runs, each with two replications. Genotypes included all SoyNAM parents, the hub parent 
IA 3023, susceptible control PI 518751 (Williams 82), and resistant control PI 548302 
2 Significance symbols: NS = not significant; . indicates P value is between 0.05 and 0.1; *, **, and *** indicate 
significant differences were found at P < 0.05, 0.01, and 0.001, respectively 
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Table 3-4. Comparison of cut-stem inoculation response of drought treatment and saturation. The 
variables used in the analysis were lesion length (LL), lesion index (LI), area under the lesion 
length curve (AULLC) and area under the lesion index curve (AULIC) up to 7, 15 and 21 days 
after inoculation (DAI). 
 
Variable Drought1 Saturated  
LL 7 DAI 43.06 a 28.32 b 
LL 15 DAI 59.17 a 36.76 b 
LL 21 DAI 61.67 a 39.95 b 
LI 7 DAI 1.42 a 1.04 b 
LI 15 DAI 1.77 a  1.23 b 
LI 21 DAI 1.83 a 1.31 b 
AULLC 7 DAI 87.84 a 65.23 b 
AULLC 15 DAI 301.78 a 196.93 b 
AULLC 21 DAI 483.59 a 312 b 
AULIC 7 DAI 3.78 a 2.98 b 
AULIC 15 DAI 9.68 a  7.05 b 
AULIC 21 DAI 15.11 a 10.85 b 
                                                          





Figure 3-1. Demonstration of the cut-stem inoculation method. A. Macrophomina phaseolina 
culture picked up by 200-µl pipette tips. B. Soybean seedlings cut 25 mm above cotyledon node 




Figure 3-2. Examples of responses of SoyNAM parent cut-stem inoculation in flats 15 days after 
inoculation. A-C show death rate of different genotypes (left = Williams 82; center = IA 3023; 





Figure 3-3. Comparison of cut-stem inoculation with differentiated irrigation treatment 15 days 
after inoculation. The cone-tainers on the left were watered minimally and the one on the right 





Figure 3-4. Boxplots of accumulative lesion length and lesion index (AULLC and AULIC) 21 
days after inoculation. Each box represented a combination of experimental run and treatment, 





Figure 3-5. Correlation matrix of the two cut-stem inoculation tests with SoyNAM parents. The 
area under the percentage of dead plants (AUPDC) on 15 days after inoculation (DAI) had 
significant correlation with the area under the lesion length curve (AULLC) and the area under 
the lesion index curve (AULIC) on 15 DAI. The histograms and scatter plots represented the data 
distributions and the lines represent the data trends. The correlation coefficient and its significant 
level (P < 0.05) was shown in upper right cell. Codes *, and *** indicate significant differences were 
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Chapter 4: Genome-Wide Association Mapping of Charcoal Rot Resistance in a Diverse 
Soybean Plant Introduction Panel 
 
Introduction 
Charcoal rot of soybean is caused by Macrophomina phaseolina (Tassi) Goid., a soil-
borne fungal pathogen that infects over 500 plant species worldwide (Wrather et al., 1997; Su et 
al., 2001). The fungus produces microsclerotia and mycelia in the plant xylem vessels causing 
reduced vigor, wilting, and under severe cases plant death. Charcoal rot can be found in most 
soybean producing states in the USA (Koenning & Wrather, 2010). Estimation of yield loss from 
charcoal rot in 2012 was 2.9 tons per hectare (Allen et al., 2017).  
Management of charcoal rot in soybean is difficult since fungicides are not registered and 
commercial cultivars with resistance are not available. Seed treatment with chemical thiophanate 
methyl + pyraclostrobin and biological agents like Trichoderma spp. and Bacillus subtilis had 
been evaluated in the field but currently are not commercially available (Khaledi & Taheri, 2016; 
Reznikov et al., 2016). Management practices recommended for disease control include crop 
rotation, irrigation and field fumigation, but none of the methods can control the disease 
effectively (Mengistu et al., 2007).  
Host resistance is another potential method to help manage charcoal rot. Developing 
soybean cultivars with charcoal rot resistance is challenging due to the lack of good plant sources 
of charcoal rot resistance. Currently, DT97-4290 and DT99-16964 are the only lines registered to 
have moderate resistance to charcoal rot (Paris et al., 2006; Gillen et al., 2016). Multiple 
screening across hundreds of soybean genotypes have been conducted in the field and the 
greenhouse to search for sources of charcoal rot resistance; so far only 13 genotypes were 
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reported to have higher levels of resistance than DT97-4290 (Mengistu et al., 2007, 2013; 
Pawlowski et al., 2015). Recently, a genome-wide association study (GWAS) was conducted 
using 459 soybean genotypes from maturity groups (MG) I, II and III (Coser et al., 2017). The 
phenotypic data were lesions based on a greenhouse assay and microsclerotia accumulation rated 
in the field; the genotypes were single nucleotide polymorphisms (SNPs) marker based on the 
SoySNP50K(Song et al., 2013). Thirteen SNPs were found collectively in associated with 
candidate genes relating to response to abiotic and biotic stress response and defense responses 
(Coser et al., 2017). In another study, a population derived from PI 567562A (resistant) and PI 
567437 (susceptible) using 140 F2:3 progenies and 5403 SNP markers and phenotyped using 
greenhouse cut-stem inoculation method found a  major QTL on chromosome 15 and two minor 
QTLs on chromosome 16 explaining 29.4%, 25.4% and 8.4% of the phenotypic variations, 
respectively (da Silva et al., 2018).  
Recently, a diverse collection of soybeans was sequenced with high coverage (> 15X) 
through the project “Large Scale Sequencing of Germplasm to Develop Genomic Resources for 
Soybean Improvement” led by Nguyen Laboratory in University of Missouri 
(https://soybase.org/projects/SoyBase.B2014.02.php). Results of this project provide for 
potentially over 10 million high-quality SNP markers found in this diverse panel, which provides 
the power to dissect complex traits like charcoal rot resistance and conduct genomics-assisted 
breeding programs (Valliyodan et al., 2016). There are studies of drought, seed composition, salt 
tolerance published applying this high density marker dataset (Kim et al., 2016; Patil et al., 2017; 
Valliyodan et al., 2017; Do et al., 2018). Studies of soybean sudden death syndrome and soybean 
mycorrhizal activity utilizing genome information provided by this diverse collection are 
ongoing (pers. comm., Hao-Xun Chang, Michelle Pawlowski and Tri Vuong). 
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Studies of host resistance to M. phaseolina were completed on other crops. Two 
independent complementary alleles, Mp-1 and Mp-2, were found in drought-resistant common 
beans (Phaseolus vulgaris L.) line BAT 477 that contributed to charcoal rot resistance (Olaya & 
Abawi, 1996). A cowpea [Vigna unguiculata (L.) Walp] population derived from resistant 
IT93K-503-1 and susceptible CB46 was used in a QTL mapping and nine QTLs were identified 
in field and greenhouse experiments (Muchero et al., 2011). Similarly, a marker-assisted 
mapping on a sorghum population derived from IS22380 (S) and E36-1 (R) identified three 
common QTLs in two locations (Srinivasa Reddy et al., 2008).  
Results of previous charcoal rot studies on soybean and other crops supported the 
hypothesis that host resistance to M. phaseolina is a quantitative trait controlled by multiple 
genes. The objectives of this study were to 1) evaluate charcoal rot resistance in diverse soybean 
plant introductions (PIs) that had not previously been used for charcoal rot resistance, and 2) 
conduct genome-wide association study (GWAS) using SoySNP50K to identify genetic markers 
associated with resistance to understand the underlying mechanism. 
 
Materials and Methods 
Charcoal rot resistance phenotyping of diverse soybean PIs 
A genetically diverse set of 350 soybean PIs were used in this study (Valliyodan et al., 
2016). In addition, susceptible control Williams 82 (PI 518671), resistant control PI 548302, and 
two SoyNAM parents with moderate to high resistance, PI 507681B and Skylla (PI 639693), 
were added to the test (Pawlowski et al., 2015; See Chapter 2). Seeds of the diverse panel were 
requested from USDA soybean germplasm collection. Seeds of the four additional genotypes 
were obtained from previous field increases by Dr. Glen Hartman’s group in Urbana, IL.  
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Two soybean seeds of each genotype were germinated in a 21 cm deep SC-10 Super Cell 
cone-tainers (Stuewe & Sons, Inc., Tangent, Oregon) filled with rooting medium of peat and 
perlite mix Sunshine® Mix #1 Fafard® - 1P (Sun Gro Horticulture Distribution Inc., Agawam, 
MA). Plants were gown in a growth chamber at 30 ℃ and a 14 h light period (1100 
µmoles/m2/s). M. phaseolina isolate "Pinetree," which was obtained from Dr. John Rupe of 
University of Arkansas, Fayetteville, was used in the experiment. It was propagated by putting a 
0.5 cm diameter plug on the center of potato dextrose agar (PDA) petri dish at room temperature 
(25 ℃). The culture was ready for inoculation after active growth on PDA in the dark for 3 days. 
Only the outer edge of actively growing hyphae was used for inoculation.  
A modified cut-stem inoculation technique (Twizeyimana et al., 2012) was used to 
evaluate charcoal rot resistance. The technique was performed on V1 growth stage soybean 
seedlings 10 days after planting. To perform the assay, the stems were cut 25 mm above the 
unifoliate node. An agar plug consisting of fungal mycelium removed from the culture using the 
larger opening of 200-µl pipette tip was placed directly over the cut stem. The pipette tips were 
pushed down along the stem to ensure contact between the cut stem and fungal culture (Figure 
4-1). Three days after inoculation (DAI), the tips were removed. All seedlings were watered 
daily. In one complete replication, all cone-tainers were arranged in random complete block 
design with time as the block. The experiment of the whole set was conducted nine times. 
Disease evaluation started three DAI when the pipette tips were taken off and the soybean 
stem length (SL) from soil level to the cut. Data of lesion length (LL) from the inoculation point 
were collected every other day from the 3 DAI when the pipette tips were taken off (Figure 4-1). 




















Values of area under disease progress curve of both lesion length (AULLC) and lesion 












(𝑡𝑖+1 − 𝑡𝑖) 
(Equation 4-4) 
 
Statistical analysis of phenotypic data 
Variables LL, LI, AULLC and AULIC at 7 and 15 DAI were fitted in the model 
 𝑌𝑖𝑗 = 𝜇 + 𝐺𝑖 + 𝑖𝑗  (Equation 4-5) 
Where 𝜇 is the total mean, 𝐺𝑖 is the fixed genetic effect, and 𝑖𝑗 is the random error.  
Individual plot was treated as an experimental unit and the data of two seedlings were 
pooled. The homogeneity of variance between the runs was tested by Levene’test. The 
consistency of experimental runs was determined by the coefficient of variation (CV). The 
significance of LL, LI and corresponding area under the curve was determined by analysis of 
variance (ANOVA) with genotype and as fixed effects and block as random effect. Means were 
88 
 
separated by least significant difference (LSD) at α = 0.05. Broad sense heritability was 











2 is the variance component of the genotype. 𝑉𝑒
2 is the variance component of the error 
term. All data analysis was done by R with package “agicolae” (Mendiburu, 2017). 
 
Genome-wide association study (GWAS)  
The SNP dataset and genotypic map data were obtained from the USDA germplasm 
collection SoySNP50K project (Song et al., 2013). Along with the 350 diverse lines, SNP data of 
Williams 82 (PI 518671), PI 507681B, PI 548302 and PI 639693 were included in the analysis as 
well. Best linear unbiased predictors (BLUPs) were obtained through fixed mixed-effect model 
by R package “lme4” (Bates et al., 2015) and used as phenotypes. GWAS was performed using 
the R package “Genomic association and prediction integrated tool (GAPIT)” (Lipka et al., 
2012) incorporated with “Fixed and random model Circulating Probability Unification 
(FarmCPU)” (X. Liu et al., 2016).  
To detect and control potential confoundment from population structure through GAPIT 
functions, principal components (PC) generated using 42,080 SNP markers. The kinship matrix 
was calculated with VanRaden methods (Lipka et al., 2012). The Bayesian information criterion 
(BIC) was used to determine the number of PC to be included in the model. The power or false 
discovery rate (FDR) was calculated by a multi-iteration procedure with a maximum loop of 200.  
 After identifying significant SNP markers, pairwise linkage disequilibrium (LD) of each 
marker was estimated using TASSEL (version 5.0) (Bradbury et al., 2007) with 3 Mbp flanking 
region to detect genes in LD. The minor allele frequency (MAF) cut-off was default at 0.05 to 
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identify common and rare variant in the population. The Glyma.Wm.82.a2v1 (Gmax2.0) 




Charcoal rot resistance phenotyping of a soybean diverse panel 
The diversity panel contained a wide range of responses to M. phaseolina inoculation. 
Three days after inoculation (DAI), lesions were visual on the soybean stems. New leaves 
emerged from some inoculated plants at the cotyledonary node and usually were visible within 5 
DAI. Some plants also died when lesions developed and extended beyond the cotyledonary node, 
and the seedling failed to recover from the attack of the pathogen (Figure 4-1). At the end of the 
experiment, overall 71% of the plants died. At 7 DAI, PI 548302, the resistant check, had 33% 
dead plants whereas 83% of the plants of Williams 82 died. At 15 DAI, PI 548302 had 67% dead 
plants and at the same time 83% of the plants of Williams 82 died.  
The residues of all variables were normally distributed with constant variance. All 
variables were significant (P < 0.001) for both soybean genotypes and replications. Overall, the 
fitness for the linear model for all variables was low (R2 < 0.4). Coefficients of variance (CV) 
ranged from 27.14 to 45.84%, and lesion length (LL) data showed higher deviation comparing to 
LI data. The broad sense heritability (H2) of all traits showed genotype variation explained more 
than 70% of the difference in phenotypes (Table 4-1). All traits were highly correlated (Table 




Genome-wide association study (GWAS) of charcoal rot resistant 
Data of AULIC 15 DAI were used for GWAS. This variable eliminated stem length 
variation among the genotypes and represented a robust measurement for the lesion progression. 
The population structure of the 354 genotypes in the test were estimated by PCA using the 42080 
SNPs (Figure 4-2). No PC was included in the model based on the results of BIC (Table 4-3). 
The estimated FDR cut-off was 4.7 x 10-6. The significance of SNPs were visualized by QQ-plot 
and Manhattan plot (Figure 4-3, Figure 4-4). Eight SNPs were detected to be highly associated 
with the AULIC. LD decay was estimated at a cutoff of correlation coefficients equals to 0.2. 
Candidate genes within LD region of the significant SNPs were identified. SNP ss715585570 
was located adjacent to Glyma.03g136400, a gene coding a leucine-rich repeat (LRR) receptor-
like protein kinase. SNP ss715609626 was located upstream of Glyma.11g029000, which is an 
tRNA-nucleotidyltransferase. Two SNPs were on chromosome 13: ss715614579 was located 
within Glyma.13g167600, a drug/metabolite transporter superfamily protein; and ss715614983 
was located adjacent to Glyma.13g191200, which encodes annexin. The significant SNP 
ss715617795 on chromosome 14 does not have known genes within LD region > 0.7. SNP 
ss715629223 was located adjacent to UDP-galactose transporter gene Glyma.18g123700 and an 
LRR protein kinase gene Glyma.18g123800. Two SNPs were on chromosome 20: ss715638686 
was located near Glyma.20g225800, which encodes LRR protein kinase; and ss715638299 was 







Soybean resistance to M. phaseolina has been hampered in part because of the lack of 
high levels of genetic resistance. The 350 soybean genotypes I tested had a wide range of 
responses to charcoal rot inoculation. Over 50 genotypes resulted in complete plant death while 
10 genotypes had less than 20% dead plants at 15 DAI. Some of the genotypes had equal or less 
plant death than the  resistant control, PI 548302 (Pawlowski et al., 2015). Compared to 
SoyNAM parents, where PI 548302 had fewer plants die than any of the SoyNAM parents 
(Chapter 3, Table 3-2), this diverse set had over 160 genotypes that had similar plant death 
percentages to PI 548302. The same pattern could be found in lesion data as well. Although the 
LSD test did not separate PI 548302 from the rest of the genotypes, this charcoal rot moderately 
resistant genotype always ranked in the middle of the panel. This indicated to me that the 
diversity panel may contain potential novel sources of charcoal rot resistance. 
The phenotypic and marker data were also analyzed using mixed linear model (MLM) 
under GAPIT environment. The two most significant SNPs were ss715585570 on Chromosome 
3 and ss715638686 on Chromosome 20 (p-value equals 1.82E-05 and 1.55E-04, respectively), 
which were also detected using FarmCPU procedure. Although these SNPs were not statistically 
significant, the consistency between the models strengthen the confidence of the association of 
the SNPs with disease resistance. 
In a recent GWAS study, both greenhouse and field phenotyping methods were applied 
quantifying charcoal rot resistance of 459 soybean genotypes from MG I, II and III (Coser et al., 
2017).  The responses of field and greenhouse had a weak negative correlation (r = -0.12), and 
none of the significant SNPs were detected in both tests. This is not unusual for diseases 
controlled by multiple genes like charcoal rot and Sclerotinia stem rot that are quantitively 
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inherited and have partial resistance (Kim & Diers, 2000; Hoffman et al., 2002; Mengistu et al., 
2014). In the Coser et al. (2017) study, the list of soybean accessions was not made available, but 
the 22 accessions reported as charcoal rot resistant genotypes were reported. Of those, only PI 
84973 and PI 578499 were included in my test. Both had higher charcoal rot resistance than the 
resistant control PI 548302 and were among the top 10-20% of the 350 genotypes in terms of 
AULIC 15 DAI. This indicates that there may be some consistency of charcoal rot resistance 
across tests, but the diverse panel may include more source of resistance as the selection is not 
limited by maturity group. 
In the study by Coser et al. (2017), five SNPs were found highly associated with charcoal 
rot resistance in the field and eight in the greenhouse, and all were identified with candidate 
genes related to abiotic and biotic stress response and defense responses. In my study, SNPs 
found on three chromosomes shared the same linkage group with SNPs found in the Coser’s 
study. Two SNPs on Chromosome 20 from Coser’s study, ss715638424 and ss715638299 were -
0.25 Mb and 0.98 Mb away from ss715638424 found in my test. SNP ss715618004 from Coser’s 
study on Chromosome 14 was -14.6 Mb away from ss715617795 found in my test. And 
ss715629223 found in my test was found on the same Chromosome 18 with ss715631726, 
ss715631906 and ss715631906 (Coser et al., 2017), with 35.8Mb, 37.5Mb and 38.8Mb 
differences, respectively. None of these SNPs were in the region of linkage disequilibrium (LD > 
0.2). However, these markers may indicate high density of functional genes related to charcoal 
rot resistance near these regions. Neither GWAS study had significant SNP markers on 
Chromosome 15 or Chromosome 16, where three quantitative trait loci (QTL) were found in the 
study by da Silva et al. (2018).  
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The functions of candidate genes can be categorized in three groups. The first group 
includes candidate genes Glyma.20g225800, Glyma.03g136400 and Glyma.18g123800, 
encoding LRR-like protein kinase, and Glyma.20g186400 encodes serine/threonine-protein 
kinase. Both protein kinases are common signal proteins in plant defense mechanisms (Afzal et 
al., 2008; Zhou et al., 2016). The second group includes Glyma.13g167600 gene, which has an 
Arabidopsis thaliana ortholog AT2G25520.1 acting as a drug/metabolite transporter superfamily 
protein, Glyma.18g123700 that encodes UDP-galactose transporter gene, and Glyma.13g191200 
encoding annexin. These proteins all relate to metabolite transportation (Baucher et al., 2012; 
Rautengarten et al., 2014). The third group includes Glyma.11g029000, a gene related to tRNA 
nucleotide transfer and protein synthesis. These candidate genes show possible functions of plant 
defense signaling and transportation of metabolites and protein synthesis indicating their 
involvement in plant innate immunity. There is also a significant SNP found in Chromosome 14 
that did not associate with any gene of known function, and the detection of significant SNPs 
indicated potential coding sequence in adjacent region related to disease resistance mechanisms. 
GWAS was conducted in many disease-associated traits and has become an efficient and 
effective tool to elucidate disease resistance mechanisms, conduct genetic prediction of 
functional genes and facilitate molecular plant breeding. In soybean, GWAS was used to  
investigate resistance to soybean aphids (Chang & Hartman, 2017; Hanson et al., 2018), soybean 
cyst nematode (Vuong et al., 2015; Wan et al., 2015; K. S. Kim et al., 2016), sudden death 
syndrome (Wen et al., 2014; Zhang et al., 2015), Sclerotinia stem rot (Bastien et al., 2014; Iquira 
et al., 2015) and Phytophthora root rot (Sun et al., 2014). Until recently, SoySNP50K was the 
most accessible SNP dataset for GWAS study (Song et al., 2013). Recently, a 10 million SNPs 
dataset was developed (Valliyodan et al., 2016) but had some glitches 
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(https://www.soybase.org/projects/SoyBase.B2014.02.php) and was not available at the time of 
my analysis. It is expected that a more robust SNP set may provide eve more information that 
could be used to increase functional classification and identification of candidate genes. This 
would then help us understand the mechanism of resistance and the relationship to resistance to 
other diseases and environmental adversity. The development of 10 million SNP markers from 
large-scale sequencing would provide genetic research information for the most diverse 
collection from USDA-GRIN. Understanding of charcoal rot resistance with information of such 




Tables and Figures 
Table 4-1. Analysis of variance probabilities (P), model fitness (R2 and adjusted R2), coefficient 
of variance (CV) and broad sense heritability (H2) for multiple variables in cut-stem charcoal rot 
phenotyping1. The variables used in the analysis were lesion length (LL), lesion index (LI), area 
under lesion length and lesion index progress curve (AULLC and AULIC) 7 and 15 days after 
inoculation (DAI). 
Variables P(G) P(Rep) R2  Adjusted R2 CV H2 
LL 7 DAI ***2 *** 0.337 0.249 41.65 0.73 
LL 15 DAI *** *** 0.39 0.31 45.83 0.76 
AULLC 7 DAI *** *** 0.317 0.227 31.94 0.73 
AULLC 15 DAI *** *** 0.386 0.305 38.17 0.76 
LI 7 DAI *** *** 0.334 0.246 30.59 0.72 
LI 15 DAI *** *** 0.383 0.302 32.19 0.74 
AULIC 7 DAI *** *** 0.299 0.207 25.47 0.71 
AULIC 15 DAI *** *** 0.373 0.291 27.8 0.74 
                                                          
1 The test consisted of nine replications. Genotypes included 350 diverse soybean genotypes, susceptible control PI 
518751 (Williams 82), resistance control PI 548302 and two SoyNAM parents PI 507681B and Skylla (PI 639693) 




Table 4-2. Correlation matrix of phenotypic data from cut-stem charcoal rot inoculation. The variables used in the analysis were lesion 
length (LL), lesion index (LI), area under lesion length and lesion index progress curve (AULLC and AULIC) 7 and 15 days after 
inoculation. 
                                                          
1 *** indicate significant differences were found at P < 0.001 
 LL 7 DAI LL 15 DAI AULLC 7 DAI AULLC 15 DAI LI 7 DAI LI 15 DAI AULIC 7 DAI AULIC 15 DAI 
LL 7 DAI 1        
LL 15 DAI 0.89***
1
 1       
AULLC 7 DAI 0.94*** 0.79*** 1      
AULLC 15 DAI 0.97*** 0.95*** 0.92*** 1     
LI 7 DAI 0.93*** 0.77*** 0.92*** 0.89*** 1    
LI 15 DAI 0.87*** 0.92*** 0.8*** 0.92*** 0.88*** 1   
AULIC 7 DAI 0.87*** 0.69*** 0.95*** 0.83*** 0.92*** 0.78*** 1  
AULIC 15 DAI 0.94*** 0.85*** 0.92*** 0.94*** 0.97*** 0.94*** 0.93*** 1 
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Table 4-3. Summary for Bayesian information criterion (BIC)-based model selection for 
deciding the optimal number of PCs in the final model for charcoal rot resistance1. 
Number of PCs/Covariates BIC (larger is better) log Likelihood Function Value 
0 -592.50 -583.70 
1 -595.43 -583.70 
2 -596.38 -581.71 
3 -598.45 -580.85 
                                                          
1 BIC was generated with GAPIT model selection function using 42,080 SNP markers for the variable of area under 
the lesion index curve (AULIC) 15 days after inoculation (DAI) 
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Table 4-4. SNPs detected in GWAS associated with charcoal rot resistance and predicted candidate genes.  
SNP Chromosome Position1 p-value2 maf effect Dandidate gene Function3 
ss715614579 13 28211278 7.44E-13 0.43 -0.37 Glyma.13g167600 Drug/metabolite transporter superfamily protein 
ss715585570 3 35273134 1.91E-08 0.19 0.37 Glyma.03g136400 Leucine-rich repeat receptor-like protein kinase 
ss715638686 20 45978597 7.13E-07 0.30 -0.27 Glyma.20g225800 Leucine-rich repeat receptor-like protein kinase  
ss715629223 18 15989480 1.04E-06 0.48 -0.23 Glyma.18g123700 
Glyma.18g123800 
UDP-galactose transporter 
Leucine-rich repeat receptor-like protein kinase 
ss715614983 13 30465386 1.27E-06 0.48 0.23 Glyma.13g191200 Annexin/calcium-dependent phospholipid binding 
ss715617795 14 14847459 1.64E-06 0.11 -0.36 Glyma.14g117400 Unknown 
ss715638299 20 42495067 3.79E-06 0.32 0.24 Glyma.20g186400 Serince/Threnine-protein kinase rio 
ss715609626 11 2100501 3.87E-06 0.45 -0.22 Glyma.11g029000 tRNA-nucleotidyltransferase 
 
                                                          
1 Physical position of the SNP based on Based on soybean reference genome Glyma.Wm.82.a2v1 (Gmax2.0) 
2 P-value threshold = 4.65E-6 




Figure 4-1. Examples of lesion symptoms of cut-stem inoculation 15 days after inoculation. LL: 





Figure 4-2. Pair-wise plot and 3D plots of principal component (PC=3) of the 354 genotypes 
used in the genome-wide association study of area under the lesion index progress curve 




             




Figure 4-3. Quantile-quantile (QQ) -plot of p-values of area under the lesion index progress 
curve (AULIC) 15 days after inoculation. The Y-axis is the -log10 of observed p-values, the red 
line represents the assumption of a uniformed [0,1] distribution, and the shading area shows the 
95% confidence interval for the p-values of null hypothesis of no association between the SNP 





Figure 4-4. Genome-wise Manhattan plot summary of significant SNPs of area under the lesion 
index progress curve (AULIC) 15 days after inoculation. The X-axis represent the position of 
each SNP, and the Y-axis is the -log10 of the p-value obtained from the GWAS model, where the 
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Chapter 5: Overall Conclusion 
 
My study focused on soybean drought tolerance and charcoal rot resistance and the 
interaction between them. The study utilized controlled environments including greenhouses and 
growth chambers to evaluate drought tolerance and charcoal rot resistance in soybean germplasm 
(two genetically diverse soybean panels) and explained the underlining mechanisms of drought 
tolerance and charcoal rot resistance. Three main sections were implemented in the study. 
In the first section, genotypes of the parents from soybean nested association mapping 
population (SoyNAM) were evaluated using a gravimetric method (greenhouse) and a water 
depletion method (growth chamber) for drought tolerance. Soybean genotypes for both the 
greenhouse and growth chamber tests were significant (P < 0.01), and there was a positive 
correlation (r = 0.37, P = 0.02) between the tests. Soybean genotypes U03-100612, LG94-1906 
and Skylla, demonstrated drought tolerance in both tests, and PI 404188A was drought sensitive 
in both tests. The evaluations utilized in these tests provide detailed procedures of the methods 
that can be used by others and shows the advantages of the methods since it enables screening a 
diverse collection of soybean genotypes from different maturity groups in a controlled 
environment, and it also allows fast phenotyping of large populations by reducing space 
requirements and time to run the assay.   
In the second section on the SoyNAM parents screened them for charcoal rot resistance 
in a growth chamber using a cut-stem assay under both dry and water-saturated conditions. 
Soybean genotypes were significant (P < 0.001) for the percentage of dead plants. The parents 
were then tested with the cut-stem assay incorporated with and without a drought treatment. The 
drought treatment increased (P < 0.05) disease severity of charcoal rot for all variables measured, 
which indicated that drought enhances charcoal rot severity. Genotype had a significant (P < 
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0.05) effect on disease severity in all but one variable. The evaluation at 15 days after inoculation 
of the two tests were positively correlated (r = 0.36, P = 0.02). Soybean genotype Skylla had the 
lowest disease ratings among the SoyNAM parents in both tests. A new parameter of lesion 
index for the cut-stem inoculation method was proposed in the section, where not only the 
severity of lesion can by reflected but the lesion in respect to the cotyledon node can be 
distinguished as well. Low soil moisture content influenced the cut-stem inoculation assay and 
proved to increase lesion development significantly. 
In the third section, a diverse panel of 350 soybean genotypes were evaluated by the cut-
stem assay to phenotype charcoal rot resistance and use that data in a genome-wide association 
study (GWAS). The wide range of phenotypic results indicated that the diversity panel has 
potential novel sources of charcoal rot resistance. Through GWAS, eight SNPs were associated 
with charcoal rot resistance located on chromosomes 3, 11, 13, 14, 18 and 20. The functions of 
the candidate genes located near these SNPs involved plant defense, metabolite transportation 
and protein synthesis. This information could be useful for soybean breeders in utilizing potential 
new sources of charcoal rot resistance and utilizing molecular breeding to further improve 
soybean charcoal rot resistance. 
In summary, my research evaluated drought tolerance and charcoal rot resistance in two 
soybean panels, modified screening methods of the two traits in controlled environments and 
provided evidence of drought and charcoal rot interaction on soybean and potential mechanisms 
of soybean charcoal rot resistance. This study expanded our knowledge about the effect of 
abiotic and biotic stress on soybean, added information about how drought increases charcoal rot 
severity, and showed how the genetic diversity of the SoyNAM parent panel and the diversity 
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panel could be used in future studies on developing soybeans with drought tolearance and 






Appendix A: Image Processing Protocols and Results for Camera-based Phenotyping of 
Soybean Drought Response 
 
Bash script to fix images with fisheye distortion 
The example script shown below fixes the fisheye distortion and crops the flats out. To 
run this script, a bash shell environment is needed in MacOS with imagemagick installed.  
The distortion parameters “0.12 -0.35 0 1.38” and the cropping parameters 
“2450x1100+250+800” are affected by the positioning of camera and need to be adjusted in each 
batch of images.  
1.  #! /bin/bash     
2.   begin=1     
3.   end=216     
4.   for i in $(seq -f "STC_%04g" $begin $end)      
5.       do      
6.       convert ${i}.JPG -distort barrel "0.12 -0.35 0 1.38" \ 
7.               -crop 2450x1100+250+800 \ 
8.          ${i}.png      
9.   done     
 









Python script to convert image to HSV color mode to quantify leaf area in each flat 
When converted to the HSV color mode, the hue channel of the image is suited to 
distinguish colors. Here, it can be used to separate the leaves from the background soil. I 
recommend running the following python script in a jupyter notebook, which can be set up easily 
with the conda environment configuration software. 
1. # import necessary libraries   
2.    
3. from skimage import io   
4. import skimage   
5. import numpy as np   
6. import matplotlib.pyplot as plt   
7.    
8. # define a function that takes an image, pairs of coordinates that    
9. # define a box,    
10. # and a threshold with a default value of 0.2    
11. # it returns a value for percentage of pixels within the defined box   
12. # different number of boxes can be used because of the packing mechanism   
13.    
14. def area_analysis(image,*boxes,thres=0.2):   
15.     image_hsv = skimage.color.rgb2hsv(image)   
16.     image_hsv_h = image_hsv[:,:,0]   
17.     mask = image_hsv_h > thres   
18.     mask2 = image_hsv_h <= thres   
19.     image_hsv_h[mask]=1   
20. image_hsv_h[mask2]=0   
21. return np.array([[image_hsv_h[box[0]:box[2],box[1]:box[3]].sum()\ 
22.                  /image_hsv_h[box[0]:box[2],box[1]:box[3]].size \ 
23.                                      for box in boxes]])   
24.    
25. # a flag used to determine whether to initialize or concatenate   
26.    
27. first_flag = 1   
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28.    
29. # image_seq of the images need to be analyzed,    
30. # certain bad images can be excluded    
31.    
32. image_seq = np.concatenate((np.arange(2,99),np.arange(100,216)))   
33.    
34. # Actual image analysis   
35.    
36. for image_number in image_seq:   
37.     file_name = "STC_%04d.png" % image_number   
38.     image = io.imread(file_name)   
39. # 4 boxes   
40. # NOTE: you need to swap the x, y coordinates reading from gimp software   
41. # If the picture is taken during the day, you can get the ratio,    
42. # otherwise, skip to avoid error   
43.     if len(image.shape) == 3:   
44.         area_result = \ 
45.         area_analysis(image,[114,120,921,684],[100,708,927,1281],\ 
46.                      [90,1300,912,1896],[90,1900,910,2500],thres=0.2)   
47.         if first_flag == 1:   
48.             first_flag = 0   
49.             result = np.concatenate((np.array([[image_number]]),\ 
50.                                      area_result),axis=1)   
51.         else:   
52.             area_result = np.concatenate((np.array([[image_number]]),\ 
53.                                           area_result),axis=1)   
54.             result = np.concatenate((result,area_result),axis=0)   
55.     else:   
56.         continue   
 
Image in RGB mode: 
 





Selected image of each flat for rating 
The image to evaluated wilting symptoms of each flat was selected individually. The 
criteria are 1) the image was taken during daytime and 2) the percentage of leaf area was closest 
to 25%. 
 
Run 1 Run 2 
Flat No. Time Elapsed (h) Leaf Area (%) Time Elapsed (h) Leaf Area 
Rep1 84.5 25.4 92.5 22.7 
Rep2 68 25.1 83.5 24.8 
Rep3 82 25.4 81 23.6 





Appendix B: Field Drought Experiment Utilizing Hoop Houses 
 
Objective 
Evaluated charcoal rot resistance of selected SoyNAM parents and controls in field 
condition with drought induced by hoop house rainout shelter. 
 
2016 hoop house experiments 
Materials and methods 
Twelve genotypes were selected for the hoop house experiment based on the results from 
the greenhouse gravimetric drought screening and the growth chamber cut-stem inoculation test.  
Genotype Note 
5M20-2-5-2 SoyNAM, drought tolerant 
CL0J095-4-6 SoyNAM, charcoal rot resistant 
IA3023 SoyNAM, hub parent 
LD02-9050 SoyNAM, charcoal rot resistant 
LG03-2979 SoyNAM, charcoal rot moderate resistant 
PI398881 SoyNAM, charcoal rot susceptible 
PI404188A SoyNAM, drought sensitive 
PI507681B SoyNAM, charcoal rot resistance 
PI548302 Charcoal rot resistant control 
PI567690 Drought sensitive control 
Skylla SoyNAM, charcoal rot resistant 
U03-100612 SoyNAM, drought tolerant 
 
The field experiment was conducted as a split-split plot design with three replications 
randomized in and outside of a hoop house treatment as whole plot; fungal inoculum (millet 
seeds infested with charcoal rot microsclerotia) were applied to the field during planting (1 g per 
30.5 cm row) as subplot; and 10 to 12 seeds of each genotype were planted in a 30.5 cm row as 
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sub-subplot. The hoop house was 3.7 m wide and 2.2 m high and were constructed when the 
soybeans reach V3 to V4 stage.  
At the end of the growing season, the number of plants in each plot was recorded. Traits 
including plant height, plant dry weight per plant, seed count, and 100-seed weight were 
recorded in each sub-subplot. The roots of all plants were collected at R8 growth stage and split 
in half to evaluate charcoal rot infection severity using a rating of 1 to 5. Individual roots were 
treated as an experimental unit for analysis. Both average disease rating and percentage of 
infected plants were analyzed to evaluate charcoal rot resistance. 
 
Results 
None of the agronomic traits were affected by hoop house and soil-applied inoculum. 
There was genotype variation related to agronomic traits. The ratings of charcoal rot severity 
were generally low both inside and outside of the hoop house (mean rating = 1.1). Average 
charcoal rot severity was significantly affected by hoop house induced drought (P < 0.05), 
inoculation (P < 0.01) and genotype (P < 0.001). There was also a significant interaction 
between hoop house and inoculation (P < 0.05). Among all the genotypes tested, Skylla and 
LD02-9050 had the lowest average disease rating (0.7 and 0.4, respectively).  Overall percentage 
of infected plants was 37%. It was significantly affected by hoop house induced drought (P < 
0.05), and genotype (P < 0.001), but not by inoculation (P = 0.07). The interaction between hoop 
house and inoculation was significant (P < 0.05). Skylla and LD02-9050 had the least percentage 




2016 Disease rating of field hoop house test 
 
 
2017 hoop house experiments 
Materials and methods 
 Based on the results from 2016, SoyNAM parents 5M20-2-5-2, IA 3023 LD02-9050 and 
Skylla were selected for the hoop house experiment. The field experiment was conducted with a 
split plot design: the two replications were randomized with with/without hoop house treatment 
as whole plot; and each genotype were planted in a 3.7 m row as subplot. Fungal inoculum was 
applied to all plots. The hoop house was 3.7 m wide and 2.2 m high and were constructed when 
the soybeans reach V3 to V4 growth stage. 
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At the end of the growing season, two set of five roots were sampled from each plot, once 
at R8 growth stage and once two weeks after that. The roots of all plants were split in half to 
evaluate charcoal rot infection severity using a rating of 1 to 5.  
 
Results 
The average disease rating of both end of the season samples were low (0.8 and 1.4, 
respectively). The hoop house did not have significant effect on disease rating at R8 growth stage 
nor two weeks after. The genotype effect on disease severity was significant at R8 growth stage 
(P < 0.01). The average rating of 5M20-2-5-2, IA 3023 LD02-9050 and Skylla were 1.4, 1, 0.5 
and 0.5, respectively. Two weeks after, the genotype affect was less significant (P = 0.06). The 





Appendix C: Analysis of Variance of Cut-stem Inoculation with Drought Treatment 
The variables used in the analysis were lesion length (LL), lesion index (LI), area under 
the lesion length curve (AULLC) and area under the lesion index curve (AULIC) up to 7, 15 and 
21 days after inoculation (DAI). The test consisted of two runs, each with two replications. 
Genotypes included all SoyNAM parents, the hub parent IA 3023, susceptible control PI 518751 
(Williams 82), and resistant control PI 548302. Significance symbols: NS = not significant; “.” 
indicates P value between 0.05 and 0.1; “*”, “**”, and “***” indicate significant differences at P 
< 0.05, 0.01, and 0.001, respectively. 
 
LL 7 DAI 
 
Df Sum Sq Mean Sq F P 
Run 1 952 952 0.916266 
 
Rep 1 1165 1165 1.12 
 
Trt 1 18376 18376 17.69 * 
WPerror 4 4156 1039 
  
G 42 6896 164.19 1.35 . 
Trt:G 42 6498 154.71 1.27 
 
SPerror 242 29464 121.75 
  
 
LL 15 DAI  
Df Sum Sq Mean Sq F P 
Run 1 4358 4358 3.56 
 
Rep 1 1 1 0.00 
 
Trt 1 42272 42272 34.57832 ** 
WPerror 4 4890 1222.5 
  
G 42 11794 280.8095 1.572544 * 
Trt:G 42 7750 184.5238 1.03334 
 
SPerror 242 43214 178.5702 
  
 
LL 21 DAI  
Df Sum Sq Mean Sq F P 
Run 1 4337 4337 4.138359 
 
Rep 1 387 387 0.369275 
 
Trt 1 39595 39595 37.78149 ** 
WPerror 4 4192 1048 
  
G 42 13323 317.2143 1.935745 ** 
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LL 21 DAI cont. 
Trt:G 42 8670 206.4286 1.259695 
 
SPerror 242 39657 163.8719 
  
 
LI 7 DAI  
Df Sum Sq Mean Sq F P 
Run 1 0.409 0.409 0.528595 
 
Rep 1 0.872 0.872 1.126979 
 
Trt 1 11.881 11.881 15.35509 * 
WPerror 4 3.095 0.77375 
  
G 42 4.514 0.107476 1.465062 * 
Trt:G 42 4.096 0.097524 1.329396 . 
SPerror 242 17.753 0.07336 
  
 
LI 15 DAI  
Df Sum Sq Mean Sq F P 
Run 1 1.216 1.216 1.223648 
 
Rep 1 0.078 0.078 0.078491 
 
Trt 1 25.033 25.033 25.19044 ** 
WPerror 4 3.975 0.99375 
  
G 42 6.205 0.147738 1.720116 ** 
Trt:G 42 2.885 0.06869 0.799764 
 
SPerror 242 20.785 0.085888 
  
 
LI 21 DAI  
Df Sum Sq Mean Sq F P 
Run 1 1.016 1.016 1.218225 
 
Rep 1 0.008 0.008 0.009592 
 
Trt 1 23.306 23.306 27.94484 ** 
WPerror 4 3.336 0.834 
  
G 42 5.716 0.136095 1.83227 ** 
Trt:G 42 2.927 0.06969 0.938253 
 
SPerror 242 17.975 0.074277 
  
 
AULLC 7 DAI  
Df Sum Sq Mean Sq F P 
Run 1 3629 3629 0.779299 
 
Rep 1 6464 6464 1.388093 
 
Trt 1 43407 43407 9.321308 * 
WPerror 4 18627 4656.75 
  
G 42 23328 555.4286 1.456033 * 
Trt:G 42 21493 511.7381 1.341501 . 






AULLC 15 DAI  
Df Sum Sq Mean Sq F P 
Run 1 54134 54134 1.577469 
 
Rep 1 17375 17375 0.506309 
 
Trt 1 926484 926484 26.99781 ** 
WPerror 4 137268 34317 
  
G 42 272999 6499.976 1.700505 ** 
Trt:G 42 181395 4318.929 1.129906 
 
SPerror 242 925016 3822.38 
  
 
AULLC 21 DAI 
 
Df Sum Sq Mean Sq F P 
Run 1 190526 190526 2.540474 
 
Rep 1 7675 7675 0.102338 
 
Trt 1 2478737 2478737 33.05148 ** 
WPerror 4 299985 74996.25 
  
G 42 694481 16535.26 1.807845 ** 
Trt:G 42 436039 10381.88 1.135079 
 
SPerror 242 2213427 9146.393 
  
 
AULIC 7 DAI  
Df Sum Sq Mean Sq F P 
Run 1 2.98 2.98 0.570335 
 
Rep 1 7.57 7.57 1.448804 
 
Trt 1 54.96 54.96 10.51866 * 
WPerror 4 20.9 5.225 
  
G 42 27.35 0.65119 1.51527 * 
Trt:G 42 25.22 0.600476 1.397262 . 
SPerror 242 104 0.429752 
  
 
AULIC 15 DAI  
Df Sum Sq Mean Sq F P 
Run 1 17.5 17.5 0.607639 
 
Rep 1 19.5 19.5 0.677083 
 
Trt 1 584.5 584.5 20.29514 * 
WPerror 4 115.2 28.8 
  
G 42 176.6 4.204762 1.863649 ** 
Trt:G 42 103.7 2.469048 1.09434 
 
SPerror 242 546 2.256198 
  
 
AULIC 21 DAI  
Df Sum Sq Mean Sq F P 
Run 1 56.1 56.1 0.863409 
 
Rep 1 19.5 19.5 0.300115 
 
Trt 1 1522.3 1522.3 23.42901 ** 
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AULIC 21 DAI cont. 
WPerror 4 259.9 64.975 
  
G 42 402 9.571429 1.922069 ** 
Trt:G 42 204.8 4.87619 0.979203 
 






Appendix D: Phenotypic Data of Diverse Soybean Panel 
 Means of cut-stem charcoal rot phenotyping data. The test consisted of nine replications. Genotypes included 350 diverse 
soybean genotypes, susceptible control PI 518751 (Williams 82), resistance control PI 548302 and two SoyNAM parents PI 507681B 
and PI 639693 (Skylla). The variables used in the analysis were lesion length (LL), lesion index (LI), area under lesion length and 


















1 FC029333 89 36.22 43.44 143.78 456 1.4 1.67 5.59 17.64 
2 FC031697 89 32.67 42.50 144.44 442.83 1.23 1.52 5.51 16.5 
3 FC033243 100 28.22 31.22 130.33 364.22 1.09 1.17 5.11 14.06 
4 PI 054591 67 27.78 34.06 116.89 375.94 1 1.16 4.43 13.36 
5 PI 054608_1 67 30.72 35.06 133.72 399.06 1.16 1.29 5.13 14.99 
6 PI 054614 67 31.61 38.22 145.06 424.67 1.16 1.33 5.47 15.43 
7 PI 054615_1 78 26.17 36.56 131.31 390.38 1.08 1.32 4.59 13.18 
8 PI 058955 100 33.5 49.11 141.5 467.11 1.1 1.4 5 14.79 
9 PI 062203 67 28.11 29.44 133.56 361.11 1.13 1.16 5.35 14.45 
10 PI 068521_1 89 47.28 55.78 190.17 609.33 1.5 1.66 6.46 19.25 
11 PI 068604_1 78 32.61 37.44 147.17 434 1.11 1.22 5.17 14.63 
12 PI 068732_1 89 37.89 47.06 159.11 498.83 1.39 1.65 6.06 18.2 
13 PI 070080 78 31.5 33.78 147.83 411.44 1.12 1.19 5.37 14.68 
14 PI 070466_3 78 29.22 33.28 138.56 395.94 1.14 1.28 5.44 15.37 
15 PI 071465 78 28.94 35.06 131.94 389.28 1.08 1.24 5.08 14.36 
16 PI 080837 44 28.67 34.56 125.22 378.11 1.09 1.24 4.9 14.22 
17 PI 081041 100 30.72 41.28 136.28 426.83 1.19 1.47 5.36 16.11 
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19 PI 083881 50 24.81 32.94 116.31 342.19 0.98 1.17 4.62 13.11 
20 PI 083942 75 25.31 29.25 134.64 379.29 1.16 1.34 4.7 13.26 
21 PI 084631 67 25.44 35.00 120.22 382.89 0.98 1.18 4.73 13.77 
22 PI 084637 100 30.67 47.44 138.11 448.89 1.11 1.48 5.21 15.54 
23 PI 084656 56 27.67 33.22 126.22 376.22 1.04 1.16 4.81 13.75 
24 PI 
084946_2 
67 29.83 46.17 132.5 439.83 1.06 1.4 4.99 14.91 
25 PI 084973 44 26.33 29.78 122.44 342.56 1.01 1.12 4.77 13.18 
26 PI 086904 88 31.44 33.13 137.94 399.75 1.16 1.21 5.22 14.81 
27 PI 
086972_2 
78 26.17 32.22 120.61 356.78 1.01 1.18 4.73 13.57 
28 PI 087620 100 32.61 36.83 151.61 429.39 1.19 1.33 5.63 15.72 
29 PI 088313 89 36 46.44 158.44 489.78 1.3 1.59 5.92 17.54 
30 PI 088468 78 25.56 32.33 115.78 341.33 1.02 1.3 4.62 13.65 
31 PI 088788 78 40.83 50.33 152.17 526.67 1.36 1.56 5.44 17.3 
32 PI 
089005_5 
11 22.39 23.11 110.28 291.56 0.9 0.92 4.41 11.66 
33 PI 089772 100 38.11 48.17 159.22 523.83 1.36 1.6 6.01 18.32 
34 PI 089775 67 29.5 37.17 134.61 417.28 1.08 1.27 5.06 14.83 
35 PI 090479P 56 23.67 27.56 112.67 324.78 0.94 1.05 4.48 12.61 
36 PI 090486 88 31.63 42.31 135.13 429.56 1.16 1.4 5.24 15.48 
37 PI 090763 89 35.94 44.72 161.06 503.39 1.26 1.5 5.81 17.39 
38 PI 
091100_3 
100 45.22 53.83 178.78 589.61 1.44 1.65 6.21 18.94 
39 PI 
091159_4 
67 28.06 38.44 133.83 394.67 1.04 1.23 5.07 14.06 
40 PI 091160 78 28.89 29.56 125.11 358.67 1.14 1.16 4.97 14.14 
41 PI 092651 89 33.56 45.11 134.67 458.44 1.21 1.49 5.17 16.22 
42 PI 
094159_3 
56 27 34.94 119.89 375.5 1.01 1.19 4.66 13.64 
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43 PI 095860 89 31.17 39.17 132.39 407.83 1.14 1.32 5.02 14.74 
44 PI 103088 78 36.72 43.78 152.94 477.11 1.28 1.43 5.58 16.45 
45 PI 123440 78 27.5 34.06 123.72 381.94 1.05 1.17 4.83 13.93 
46 PI 153231 89 31.39 42.17 137.39 444.72 1.09 1.39 5.03 15.34 
47 PI 153281 44 25.17 25.67 124.5 328 1 1.01 4.95 12.97 
48 PI 154189 33 27.44 31.22 117.67 354 1.01 1.13 4.52 13.1 
49 PI 159925 100 35.67 42.00 160.11 469.78 1.22 1.34 5.69 15.89 
50 PI 165563 78 28.5 33.11 128.94 376 1.05 1.18 4.86 13.7 
51 PI 165675 38 23.38 28.63 104.88 308.13 0.89 1.07 4.09 11.74 
52 PI 166105 11 22.89 25.61 105.11 301.06 0.89 0.99 4.16 11.73 
53 PI 171428 78 33.06 46.67 136.72 463.22 1.15 1.37 5.2 15.44 
54 PI 171451 100 36.89 42.00 159.22 479.89 1.38 1.55 6.13 18.09 
55 PI 179935 13 21.5 23.13 105 282.25 0.86 0.93 4.2 11.29 
56 PI 180501 89 28.94 30.33 135.06 371.11 1.09 1.12 5.18 13.99 
57 PI 189873 78 25.11 34.61 126.38 401.44 1.1 1.37 4.44 13.97 
58 PI 209332 67 29.72 31.22 145.69 415.5 1.29 1.32 5.05 14.43 
59 PI 209333 89 27.56 33.78 127.11 374 1.09 1.29 5.05 14.64 
60 PI 209334 44 27.33 39.67 125.44 400.78 1.04 1.29 4.96 14.41 
61 PI 232992 0 19.58 19.83 97.58 254.83 0.86 0.87 4.26 11.15 
62 PI 240664 67 26.22 34.44 124.67 359.78 1.01 1.2 4.91 13.55 
63 PI 253661B 78 30.78 38.22 136.67 415.11 1.13 1.3 5.15 14.93 
64 PI 261272C 33 27.08 28.75 113.42 338.92 1.04 1.11 4.45 13.15 
65 PI 266806C 67 25.83 33.06 116.17 358.94 0.98 1.16 4.45 13.19 
66 PI 274453 33 21.67 22.56 103.11 278.89 0.91 0.94 4.33 11.68 
67 PI 291294 78 32.22 36.83 136 420.06 1.11 1.19 5.02 14.33 
68 PI 291309D 89 26.83 30.39 130.61 352.06 1.04 1.12 5.12 13.57 
69 PI 291310C 56 31.61 33.67 130.39 390.89 1.14 1.21 4.88 14.24 
70 PI 297505 78 32.5 41.89 138.94 431.44 1.2 1.44 5.33 15.84 
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71 PI 297520 22 23.67 24.50 115.78 307.83 0.93 0.96 4.57 12.11 
72 PI 322692 0 18.75 21.50 88.5 247.63 0.75 0.86 3.54 9.91 
73 PI 324924 100 27.89 35.44 136.78 380.56 1.08 1.33 5.3 14.69 
74 PI 342434 13 9.88 10.44 57.33 152.42 0.72 0.82 3.11 8.41 
75 PI 342619A 56 24.67 25.67 120.13 320.75 0.95 0.98 4.55 12.3 
76 PI 360957 89 31.44 42.50 136.33 444.61 1.15 1.42 5.27 15.86 
77 PI 361066B 78 27.39 30.72 125.83 355.94 1.09 1.21 5.09 14.19 
78 PI 361070 33 23.78 27.39 114.89 321.39 0.95 1.05 4.59 12.66 
79 PI 361080 56 25.56 31.83 119.44 347.72 0.97 1.11 4.61 12.9 
80 PI 361087 44 25.5 32.78 124.06 366 1 1.18 4.92 13.83 
81 PI 361093 56 26.44 40.78 120.44 389.22 1.01 1.41 4.71 14.42 
82 PI 372403B 67 27.39 37.72 124.06 374.72 1.05 1.28 4.88 14 
83 PI 372418 56 26.83 32.17 130.28 370.94 1.05 1.2 5.14 14.29 
84 PI 374207 50 23.67 25.42 115.83 312.42 0.94 1 4.59 12.31 
85 PI 378658 89 28.56 39.61 127.33 404.17 1.04 1.3 4.87 14.29 
86 PI 378663 78 25.11 27.61 123.22 334.5 0.98 1.07 4.86 13.09 
87 PI 378680E 78 30.83 33.83 139.17 397.39 1.15 1.23 5.38 14.92 
88 PI 379618 43 24.14 26.79 111.29 312.07 0.95 1.11 4.42 12.4 
89 PI 391577 78 27.06 27.89 125.83 346 1.1 1.12 5.04 13.94 
90 PI 391583 89 43.56 53.44 171.78 553.78 1.36 1.55 5.83 17.35 
91 PI 398633 44 19.28 29.00 90.28 269.56 0.77 1.06 3.63 10.69 
92 PI 398965 67 42.17 49.56 166.61 541.56 1.4 1.6 5.95 18.15 
93 PI 404187 44 29.83 33.72 132.39 392.94 1.12 1.23 5.13 14.68 
94 PI 407701 100 33.67 43.39 144.67 462.83 1.19 1.4 5.34 15.91 
95 PI 407708A 67 31.5 39.33 141.44 445.63 1.16 1.37 4.64 13.69 
96 PI 407742 67 36.33 38.00 145.67 441 1.33 1.42 5.56 16.52 
97 PI 416751 56 28 42.78 117.22 412.56 1.03 1.34 4.54 14.31 
98 PI 416838 44 33.06 42.28 122.17 428.28 1.1 1.34 4.39 14.33 
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99 PI 417215 44 25.33 28.39 124 336.61 1.01 1.07 4.94 13.22 
100 PI 417242 33 29.39 37.72 119.72 384.61 1.02 1.28 4.39 13.42 
101 PI 417345B 78 28.11 37.22 132.56 397.22 1.05 1.24 5.11 14.38 
102 PI 417381 44 25.94 33.67 117.94 361.11 0.99 1.22 4.61 13.62 
103 PI 417479 89 36.61 62.83 149.94 571.17 1.2 1.67 5.4 17.32 
104 PI 417500 44 28.44 31.50 132.44 377.72 1.04 1.13 4.95 13.81 
105 PI 417529 67 27.11 38.39 120.67 390.94 0.99 1.22 4.57 13.57 
106 PI 417581 89 37.17 41.00 165.17 483 1.26 1.35 5.83 16.37 
107 PI 423926 67 30.06 41.50 122.83 408.94 1.1 1.39 4.78 14.74 
108 PI 424038B 11 17.56 18.67 91.5 254.75 0.92 1 3.65 10.5 
109 PI 424078 56 18.67 22.61 93.88 287.56 1.05 1.17 4.33 12.51 
110 PI 424195A 100 43.67 45.89 174.78 535.22 1.45 1.51 6.17 18.07 
111 PI 430595 78 34.56 45.22 133.11 463.44 1.22 1.49 5.05 16.18 
112 PI 436684 78 29.5 42.89 132.83 419 1.1 1.41 5.18 15.15 
113 PI 437110A 75 27.06 32.81 131.19 355.19 1.05 1.18 5.15 13.72 
114 PI 437112A 67 28.94 37.67 125.61 407.67 1.1 1.39 4.87 15.35 
115 PI 437127A 100 38.78 57.83 163.22 571.5 1.29 1.71 5.8 18.27 
116 PI 437160 89 44.83 53.44 185.94 585.11 1.43 1.63 6.23 18.63 
117 PI 437165A 100 36.61 42.17 149.28 476.72 1.27 1.4 5.51 16.5 
118 PI 437240 78 25.61 34.06 118.28 361.06 0.99 1.22 4.66 13.58 
119 PI 437265D 89 30.83 37.00 140.5 420.67 1.17 1.31 5.43 15.55 
120 PI 437376A 100 28.67 38.83 137.11 394.06 1.06 1.31 5.14 14.36 
121 PI 437485 33 21.72 25.83 105.83 295.83 0.87 1.03 4.24 11.87 
122 PI 437500A 89 40.89 47.50 165.44 522.06 1.31 1.44 5.79 16.85 
123 PI 437505 44 23.61 25.67 114.39 310.11 0.93 0.99 4.56 12.22 
124 PI 437654 100 32.89 39.28 151.11 438.39 1.25 1.44 5.81 16.6 
125 PI 437662 56 25.78 26.83 125 335.5 1.05 1.08 5.12 13.64 
126 PI 437685D 100 31.78 38.61 148.22 430.39 1.23 1.43 5.78 16.46 
130 
 
Appendix D. (cont.) 














127 PI 437695A 78 40.17 48.83 158.39 507.28 1.32 1.47 5.62 16.69 
128 PI 437776 89 28.94 34.17 134.72 387.06 1.09 1.25 5.16 14.62 
129 PI 437788A 78 27.17 32.94 143.19 421.31 1.18 1.37 4.96 14.23 
130 PI 437793 22 17.89 21.28 86.67 237.17 0.72 0.85 3.47 9.48 
131 PI 437814A 56 27.83 30.39 129.94 359.28 1.1 1.17 5.2 14.18 
132 PI 437838 67 27.89 33.56 126.67 364.11 1.05 1.2 4.86 13.62 
133 PI 437956B 78 35.56 41.83 161.11 458.39 1.2 1.34 5.66 15.57 
134 PI 437991B 56 24 28.89 115.11 332.33 0.94 1.04 4.55 12.58 
135 PI 438019B 78 25.39 30.00 117.72 346.22 1 1.11 4.64 13.19 
136 PI 438083 100 38.06 43.83 169.06 502.39 1.42 1.57 6.41 18.51 
137 PI 438112B 89 30.28 36.89 140.39 416.22 1.15 1.39 5.4 15.79 
138 PI 438230A 67 36.72 51.72 144.5 509.28 1.2 1.55 5.13 16.35 
139 PI 438239B 78 29.17 29.78 129.72 365.44 1.14 1.16 5.12 14.33 
140 PI 438309 56 26.61 31.28 122.83 346.83 1.05 1.19 4.89 13.67 
141 PI 438323 56 28 33.67 131 382.11 1.05 1.19 5.02 14.08 
142 PI 438335 78 29.61 31.89 139.61 386.89 1.15 1.24 5.47 15.08 
143 PI 438336 78 27.61 38.00 124.5 397 1.05 1.29 4.9 14.48 
144 PI 438347 89 31.72 38.11 135.72 418.44 1.23 1.47 5.33 16.32 
145 PI 438496B 56 22.67 30.56 109.44 313.89 0.9 1.15 4.35 12.31 
146 PI 438496C 67 35.56 36.94 150.33 438.17 1.26 1.29 5.59 15.73 
147 PI 438500 100 28.83 31.33 135.39 373 1.34 1.48 5.95 17.09 
148 PI 445824A 78 40.22 50.67 160.89 545.22 1.29 1.53 5.61 17.29 
149 PI 458505 56 28.56 38.06 112.22 381.28 1.03 1.26 4.33 13.52 
150 PI 458510 78 35.5 43.78 151.28 481 1.2 1.36 5.47 15.96 
151 PI 464896 33 26.44 31.67 126.89 369.67 1.02 1.13 5.01 13.81 
152 PI 464912 67 21.72 28.44 99.28 299.67 0.86 1.12 3.96 11.91 
153 PI 464923 56 25.11 26.44 121.78 326.67 0.97 1.01 4.76 12.68 
154 PI 467347 89 25 34.06 117 352.5 0.96 1.18 4.58 13.11 
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155 PI 468408B 56 25.89 30.22 118.11 341.67 1.01 1.16 4.66 13.22 
156 PI 468908 89 27.67 30.39 127.56 362.06 1.13 1.24 5.19 14.79 
157 PI 475820 67 24.78 31.83 122.67 346.83 0.99 1.22 4.91 13.62 
158 PI 476352B 78 27.5 32.33 130.17 371.44 1.07 1.19 5.13 14.25 
159 PI 479735 75 38.81 45.50 148.94 500.25 1.39 1.54 5.65 17.67 
160 PI 490766 78 25.56 41.22 110.22 374.11 0.96 1.42 4.32 13.71 
161 PI 495020 67 22.78 31.50 104 318.83 0.88 1.15 4.07 12.24 
162 PI 497953 22 23.94 26.39 102.17 303.83 0.9 0.98 4.04 11.62 
163 PI 497964A 100 30.83 44.11 127.17 442.33 1.05 1.32 4.73 14.51 
164 PI 497967 33 21.25 27.08 89.58 289.08 0.88 1.07 3.75 11.83 
165 PI 504288 0 9.5 10.56 57.5 160 0.73 0.8 2.67 7.42 
166 PI 506862 78 30.33 45.50 130.22 455.28 1.14 1.52 5.06 16.21 
167 PI 506933 67 36.06 46.61 147.06 486.72 1.24 1.45 5.48 16.45 
168 PI 506942 56 27.28 40.00 117.06 397.67 1.05 1.43 4.6 14.87 
169 PI 507017 33 23.83 28.50 112.83 325.72 1.03 1.25 4.87 14.16 
170 PI 507088 67 38.94 47.11 147.17 504.44 1.27 1.48 5.25 16.51 
171 PI 507180 67 34.78 54.22 129.44 491.67 1.13 1.47 4.71 15.29 
172 PI 507293B 67 43.78 56.33 169.22 569.56 1.31 1.52 5.64 16.97 
173 PI 507458 89 41.39 72.50 120.72 623.28 1.22 1.83 4.17 17.18 
174 PI 507467 67 36.67 39.11 150.33 458.78 1.26 1.33 5.5 16 
175 PI 507471 56 28.89 36.17 128.56 389.94 1.08 1.23 5.03 14.26 
176 PI 507480 67 36.61 38.94 152.39 455.61 1.31 1.39 5.58 16.39 
177 PI 514671 33 20.94 30.72 96.94 299.28 0.8 1.09 3.82 11.23 
178 PI 518668 89 30.94 37.06 140.28 407.83 1.13 1.26 5.32 14.78 
179 PI 518727 67 28.83 44.83 128.28 411.17 1.02 1.3 4.79 13.97 
180 PI 532463B 100 36.28 44.83 161.72 495.61 1.35 1.61 6.12 18.25 
181 PI 538386A 89 32.44 39.56 141.22 431.44 1.16 1.33 5.27 15.22 
182 PI 540552 100 34.5 42.56 157.39 470 1.25 1.46 5.82 16.76 
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183 PI 542972 78 27.89 34.61 136.56 378.17 1.07 1.22 5.26 14.24 
184 PI 548162 88 27.56 30.69 130.81 365.31 1.07 1.15 5.17 14.11 
185 PI 548169 100 46.22 54.06 189.78 603.39 1.53 1.72 6.58 19.94 
186 PI 548171 89 29 31.44 136 377.44 1.14 1.22 5.37 14.84 
187 PI 548178 56 30.56 39.89 120.11 421.67 1.08 1.32 4.55 14.61 
188 PI 548193 78 28.5 35.39 126.17 388.72 1.07 1.27 4.85 14.39 
189 PI 548198 67 27.78 34.50 122.33 376.17 1.07 1.27 4.83 14.36 
190 PI 548200 83 24.75 28.33 114.58 330.67 0.96 1.06 4.49 12.75 
191 PI 548256 33 23.83 27.22 112.94 312.78 0.94 1.05 4.47 12.29 
192 PI 548313 67 20.61 29.11 99.5 308.56 0.81 1.03 3.95 11.63 
193 PI 548316 100 32.61 48.61 150.17 495.28 1.21 1.72 5.66 18.03 
194 PI 548325 89 36.06 47.28 138.17 476.5 1.2 1.46 5.09 15.85 
195 PI 548336 56 27.5 36.44 131.06 387.78 1.06 1.29 5.11 14.55 
196 PI 548356 44 30.33 34.39 130.11 394.28 1.07 1.19 4.83 14.02 
197 PI 548359 100 30.44 40.28 143.89 419.61 1.16 1.43 5.55 15.77 
198 PI 548360 44 23 34.11 113.5 354.13 0.93 1.26 3.95 11.69 
199 PI 548364 89 32.89 39.89 142.11 435.22 1.22 1.45 5.45 16.2 
200 PI 548383 78 32.83 38.22 142.5 426.67 1.2 1.38 5.35 15.61 
201 PI 548400 78 36.39 48.00 151.06 508.33 1.22 1.46 5.46 16.59 
202 PI 548402 67 25.17 29.56 123.83 338.56 0.98 1.13 4.86 13.2 
203 PI 548411 78 31.33 37.33 140.22 417.11 1.19 1.43 5.41 16.1 
204 PI 548427 67 26.22 26.78 128.67 340.33 1.03 1.04 5.06 13.32 
205 PI 548447 56 39.39 46.94 157.94 525.28 1.22 1.35 5.41 16.1 
206 PI 548452 78 24.5 29.72 111.61 321.94 0.95 1.13 4.37 12.45 
207 PI 548473 75 37.19 43.19 151.94 466.69 1.27 1.48 5.46 16.15 
208 PI 548474 78 30.17 42.00 130.61 432.89 1.09 1.41 4.95 15.29 
209 PI 548479 33 33.33 39.94 128.89 436.94 1.12 1.27 4.7 14.59 
210 PI 548490 67 24.5 32.50 112.33 342 0.93 1.22 4.41 13.01 
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211 PI 548520 100 34.5 53.94 158.06 511.83 1.21 1.64 5.72 17.17 
212 PI 548521 89 38.28 45.89 164.39 499.11 1.39 1.61 6.06 18.06 
213 PI 548524 100 32.06 43.50 134.83 444.61 1.15 1.47 4.94 15.64 
214 PI 548561 89 26.94 35.83 130.39 377.28 1.03 1.26 5.03 14.03 
215 PI 548571 78 25.11 30.56 115.78 342.89 0.97 1.13 4.58 13.12 
216 PI 548572 78 27.39 33.89 125.17 363.22 1.03 1.21 4.8 13.57 
217 PI 548582 89 32.22 37.89 144.33 428.89 1.17 1.3 5.46 15.43 
218 PI 548619 100 30 37.89 144.56 403.56 1.12 1.31 5.47 14.91 
219 PI 548633 89 27.28 30.22 132.61 364.89 1.07 1.16 5.21 14.18 
220 PI 548656 67 26.44 31.83 119.89 355.94 1 1.15 4.65 13.3 
221 PI 548658 17 21 26.25 100.33 295.42 0.84 1.02 4.01 11.63 
222 PI 548696 0 21.06 23.56 98.61 275.44 0.84 0.94 3.94 11.02 
223 PI 548978 78 32.83 42.89 143.06 456.22 1.15 1.36 5.28 15.5 
224 PI 549017 33 23.5 24.00 100.17 289.89 1.03 1.05 4.22 12.51 
225 PI 549018 0 19.4 21.80 87.5 248 0.72 0.88 3.8 10.74 
226 PI 549021A 100 41.61 47.89 158.5 525.33 1.57 1.79 6.09 19.84 
227 PI 549026 33 20.44 28.44 95.56 283.56 0.82 1.03 3.82 11.09 
228 PI 549028 67 32.22 43.72 123.89 440.17 1.09 1.35 4.61 14.67 
229 PI 549040 33 20.11 23.39 95.11 271.06 0.81 0.93 3.83 10.83 
230 PI 549041A 67 23.11 30.11 103.67 312 1.06 1.28 4.78 13.96 
231 PI 556511 100 34.28 44.72 152.39 472.06 1.19 1.43 5.54 16.06 
232 PI 559932 78 25 31.78 118.78 337.44 0.98 1.16 4.69 13.04 
233 PI 561318A 100 36.22 44.22 149.22 468.89 1.34 1.61 5.68 17.49 
234 PI 561371 89 34.39 46.89 154.39 490.56 1.2 1.49 5.58 16.62 
235 PI 561387 56 35.28 37.06 128.39 419.94 1.32 1.39 4.93 15.86 
236 PI 561389B 78 27.17 31.06 126.28 362.17 1.07 1.18 5.01 14.1 
237 PI 561701 44 24.5 31.94 102.06 329.61 0.94 1.16 4.03 12.45 
238 PI 567074B 22 28.56 30.00 133.89 366.67 1.03 1.07 4.98 13.34 
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239 PI 567171 22 19.89 26.50 96.67 281.06 0.8 1.02 3.87 11.07 
240 PI 567173 78 35.61 50.39 155.06 504.28 1.24 1.56 5.64 16.94 
241 PI 567225 78 32.33 44.67 135.44 467.56 1.17 1.47 5.13 16.32 
242 PI 567226 67 24.94 30.67 119.61 349.11 0.96 1.11 4.7 13.16 
243 PI 567231 56 21.56 27.50 107 339.31 0.95 1.12 3.84 11.43 
244 PI 567238 44 18.5 19.72 80.72 235.5 1.03 1.09 4.51 13.09 
245 PI 567262A 67 39.5 55.39 149.17 543.28 1.24 1.5 5.39 16.61 
246 PI 567307 100 31.17 38.78 143.72 433.56 1.12 1.39 5.2 15.71 
247 PI 567343 50 25 26.17 124.83 328.67 1 1.03 4.99 13.12 
248 PI 567346 44 24.06 27.50 112.39 314.39 0.96 1.07 4.48 12.47 
249 PI 567352A 89 38.06 46.22 159.39 502.89 1.19 1.33 5.49 15.66 
250 PI 567353 78 25.67 32.94 126.33 351.94 1.01 1.2 4.99 13.59 
251 PI 567361 33 19.72 25.28 88.06 258.94 0.79 0.99 3.52 10.28 
252 PI 567383 22 16.56 22.22 75.33 225.89 0.66 0.88 3.01 9.02 
253 PI 567407 22 22.06 24.56 103.61 287.56 0.91 1.03 4.27 11.9 
254 PI 567408 50 33.5 40.00 143 443.25 1.29 1.49 5.52 16.81 
255 PI 567410B 71 26.36 29.00 119.07 340.57 1.2 1.32 5.28 15.41 
256 PI 567415A 56 24.78 28.78 113.44 331.78 0.92 1.06 4.39 12.41 
257 PI 567416 100 29.61 38.00 129.28 411.22 1.1 1.33 4.98 15 
258 PI 567418A 33 22.56 30.00 109.33 322.33 0.9 1.09 4.37 12.48 
259 PI 567426 67 24.5 31.28 112.06 336.5 0.93 1.1 4.36 12.5 
260 PI 567428 100 37.39 43.06 159.83 482.28 1.47 1.63 6.37 18.87 
261 PI 567435B 100 37.17 50.00 154.94 494.78 1.26 1.5 5.61 16.47 
262 PI 567439 71 24.93 28.64 107.64 322.21 1.08 1.27 4.5 13.92 
263 PI 567488A 67 26.39 30.00 117.83 343.22 1.03 1.16 4.66 13.41 
264 PI 567489A 89 28.78 33.22 132.67 379 1.14 1.31 5.25 14.99 
265 PI 567525 89 43.33 51.28 166.33 548.17 1.46 1.66 6.02 18.57 
266 PI 567532 78 35.33 47.06 150.67 489.72 1.25 1.52 5.6 16.83 
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267 PI 567548 100 37.67 46.67 153.11 497 1.35 1.57 5.7 17.49 
268 PI 567558 89 33.56 43.00 143.56 450.78 1.22 1.48 5.42 16.25 
269 PI 567576 67 26.06 35.22 120.61 360.11 0.99 1.22 4.7 13.36 
270 PI 567604A 100 41.11 52.83 163.89 553.06 1.39 1.71 5.73 18.53 
271 PI 567675 44 26.06 32.72 111.06 345.83 0.94 1.17 4.13 12.54 
272 PI 567685 100 37.56 44.06 165.78 497.28 1.26 1.43 5.86 16.7 
273 PI 567698A 56 34.44 39.50 138.22 434.5 1.23 1.36 5.2 15.58 
274 PI 567726 100 32.94 39.83 147.61 443.72 1.26 1.44 5.78 16.69 
275 PI 567746 78 31.22 38.22 130.11 412.89 1.13 1.3 4.96 14.8 
276 PI 567780B 89 35.72 45.56 139.06 472 1.26 1.53 5.15 16.5 
277 PI 567782 100 41.17 51.39 181.17 560.72 1.33 1.54 6.16 17.84 
278 PI 567788 67 29.61 45.89 128.28 426.22 1.07 1.34 4.93 14.54 
279 PI 574477 89 37 49.56 155.44 504.67 1.27 1.55 5.65 17.04 
280 PI 578309 33 25 26.89 118.67 330.89 1.03 1.13 4.86 13.73 
281 PI 578375B 78 25.06 28.33 117.39 335.33 1.02 1.1 4.87 13.44 
282 PI 578412 56 27.83 37.22 122.17 379.11 1.05 1.28 4.71 13.93 
283 PI 578493 89 32.28 38.72 148.06 425.94 1.13 1.27 5.41 14.9 
284 PI 578495 22 25.11 28.61 117.11 333.39 0.98 1.09 4.64 12.96 
285 PI 578499A 44 21.94 31.17 96.61 320.72 0.83 1.07 3.79 11.74 
286 PI 578503 78 26.67 33.72 127.78 374.28 1.04 1.24 5.04 14.3 
287 PI 578504 44 24.17 31.78 116.28 348.67 0.93 1.11 4.55 12.99 
288 PI 587588A 100 38.06 43.83 163.17 493.72 1.37 1.52 6.1 17.74 
289 PI 587588B 40 21.6 28.00 93.6 289.2 0.97 1.33 3.97 12.93 
290 PI 587712B 78 26.78 36.39 119 367.72 1.01 1.3 4.66 13.82 
291 PI 587804 100 41.78 46.39 164.56 527.61 1.54 1.69 6.25 19.52 
292 PI 587811A 100 36.94 44.11 147.72 465.89 1.2 1.35 5.32 15.41 
293 PI 592523 63 25.44 27.88 126.44 336.38 1.01 1.06 5.03 13.24 
294 PI 592937 89 30.17 34.06 135.39 395.5 1.08 1.17 5.1 14.18 
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295 PI 592940 67 24.72 39.89 109.72 358.56 0.93 1.32 4.21 13.04 
296 PI 592952 56 27.33 35.00 114 362 0.99 1.16 4.35 12.93 
297 PI 592954 56 25.33 34.50 113.89 351.5 0.96 1.2 4.43 13.06 
298 PI 592960 100 31.31 39.69 143.06 430.19 1.18 1.39 5.5 15.87 
299 PI 593258 89 34.56 44.39 148.11 466.5 1.18 1.39 5.37 15.71 
300 PI 593953 89 36.83 38.78 164.94 465.33 1.31 1.36 6.02 16.66 
301 PI 594170B 100 28.56 34.83 134.33 390.17 1.09 1.24 5.23 14.57 
302 PI 594307 33 21 27.28 100.67 297.61 0.82 1.03 4 11.41 
303 PI 594456A 78 43.06 53.94 172.72 562.06 1.37 1.61 5.94 17.89 
304 PI 594880 100 28.83 32.89 131.72 377.33 1.08 1.19 5.07 14.13 
305 PI 594922 78 28.72 35.67 130.94 395.89 1.06 1.19 5 14.17 
306 PI 597464 89 29.89 36.39 137 406.5 1.06 1.21 4.98 14.1 
307 PI 597471A 33 19 21.17 91.78 251.5 0.78 0.87 3.74 10.28 
308 PI 597476 63 28.81 33.00 134.69 377 1.16 1.31 5.41 15.07 
309 PI 597478B 89 28.89 29.78 134.33 368.78 1.09 1.11 5.21 13.97 
310 PI 598358 44 23.56 29.50 111.56 336.5 0.92 1.08 4.44 12.8 
311 PI 602502B 56 27.33 35.72 105.89 359.94 0.98 1.23 4.04 12.99 
312 PI 602993 89 30.78 35.94 139.56 406.5 1.12 1.26 5.21 14.67 
313 PI 603162 89 33.33 39.50 151.44 446.83 1.2 1.33 5.59 15.75 
314 PI 603290 78 31.83 39.28 135.28 421.94 1.18 1.39 5.33 15.68 
315 PI 603345 67 25.56 28.56 120.11 337.56 0.99 1.07 4.74 13.04 
316 PI 603389 67 28.39 38.83 124.72 395.17 1.11 1.41 4.99 15.07 
317 PI 603397 89 35.56 46.00 151.33 481.44 1.27 1.52 5.64 16.86 
318 PI 603399 89 39.17 50.11 163.17 526 1.39 1.68 5.95 18.32 
319 PI 603426G 67 24.83 29.50 113.94 334.06 0.99 1.16 4.56 13.25 
320 PI 603442 100 31.44 41.17 144.22 438.06 1.2 1.51 5.56 16.44 
321 PI 603458A 56 34.94 36.50 148.17 435.83 1.22 1.26 5.49 15.46 
322 PI 603463 78 34.06 45.50 141.61 455.17 1.2 1.47 5.26 15.84 
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323 PI 603488 78 27.28 32.67 124.17 364.33 1.05 1.22 4.87 13.99 
324 PI 603492 100 30.83 38.72 137.39 422.39 1.16 1.37 5.32 15.67 
325 PI 603494 78 29.67 38.28 132.89 399.5 1.08 1.23 5.07 14.2 
326 PI 603495B 56 28.33 32.17 127 371.83 1.08 1.19 4.96 14.09 
327 PI 603497 67 26.39 33.39 125.28 371.94 1.04 1.32 4.98 14.7 
328 PI 603526 100 36 48.28 155.89 491.28 1.24 1.52 5.68 16.67 
329 PI 603549 78 41.44 49.50 158.56 532.83 1.32 1.5 5.44 16.97 
330 PI 603555 100 28.28 33.72 134.83 373.61 1.09 1.22 5.25 14.24 
331 PI 603556 89 35.44 39.17 152.22 446.83 1.31 1.43 5.72 16.58 
332 PI 603559 89 39.56 43.78 168.44 502.44 1.32 1.41 5.93 16.89 
333 PI 603675 33 20.83 25.22 95.17 279.56 0.82 0.97 3.79 10.98 
334 PI 603698J 78 32.17 37.44 138.39 411.56 1.2 1.37 5.26 15.38 
335 PI 603722 78 29.67 35.56 127.22 385.78 1.04 1.21 4.74 13.72 
336 PI 605765B 100 44.28 48.33 189.5 568.44 1.6 1.73 7 20.61 
337 PI 606374 44 25.06 29.83 130.19 369.31 1.05 1.14 4.59 12.73 
338 PI 612730 100 38.83 51.28 156.83 516.94 1.34 1.64 5.76 17.69 
339 PI 612754 78 25.33 27.83 115.67 323.06 1.14 1.24 5.18 14.48 
340 PI 628812 67 25.28 32.94 110.17 340.72 0.95 1.18 4.29 12.78 
341 PI 628913 56 25.5 29.06 120.94 340.83 0.99 1.1 4.77 13.17 
342 PI 628963 67 33.33 43.33 149.67 455.89 1.18 1.38 5.55 15.78 
343 PI 631123 100 41.22 45.17 175.56 523.94 1.37 1.48 6.12 17.62 
344 PI 632418 78 35.06 37.17 154.61 447.5 1.19 1.26 5.5 15.42 
345 PI 632650 100 36.61 44.89 155.83 494.78 1.25 1.39 5.64 16.43 
346 PI 639528B 100 37.89 39.89 157.89 474 1.46 1.56 6.17 18.52 
347 PI 639543 78 29.94 34.78 136.94 400.11 1.14 1.27 5.32 15.08 
348 PI 639550E 56 28.11 36.22 129.22 387.44 1.08 1.26 5.09 14.51 
349 PI 639559B 100 32.72 34.11 155.72 422.44 1.21 1.24 5.82 15.6 
350 PI 639570 86 26.93 29.50 128.79 347.21 1.11 1.2 5.24 14.23 
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351* PI 507681B 67 27.94 37.72 131.28 401.5 1.05 1.21 5.1 14.27 
352* PI 548302 67 27.06 42.56 115.83 405.33 0.99 1.41 4.48 14.44 
353* Skylla 100 29.22 36.06 136.78 392.72 1.07 1.19 5.2 14.15 
354* Williams 
82 
83 36.25 45.83 165.92 509.5 1.24 1.45 5.86 16.96 
 
 
